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ABSTRACT
PHASE RELATIONSHIPS DURING DEOXIDATION
AND SOLIDIFICATION OF IRON ALLOYS
by
JERYL KENT WRIGHT
Submitted to the Department of Metallurgy and Materials Science
on May 4, 1973, in partial fulfillment of the requirements of
the degree of Doctor of Science.
Equilibrium phase relationships present during the solidi-
fication of Fe-O-C-X (X being the deoxidizing metal) alloys
are developed. The Fe-O-C-Si and Fe-O-C-Al systems are
treated specifically. Special emphasis is placed on the phase
equilibria for the simultaneous equilibrium of liquid iron,
solid iron (6), CO (1 atm.), and a selected oxide. The
analysis is extended to consider the non-equilibrium solidifi-
cation of alloys in the Fe-O-C-Si and Fe-O-C-Al systems.
Included are the effects of suppression of the oxides
CO(g), Sio 2 , Al 2 03, etc., and of solute rejection at the
solid-liquid interface. Techniques are developed to predict
the fraction solid at which CO (1 atm.) will evolve during
freezing of Fe-O-C-Si alloys. Experiments employing differ-
ential thermal analysis on Fe-O-C-Si alloys are reported which
verify these predictions.
Thesis Supervisor: John F. Elliott
Title: Professor of Metallurgy
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I. INTRODUCTION
Control of the state of deoxidation throughout the tapping,
teeming, or casting, and solidification of steels is fundamental
to the production of material of desired structure and sound-
ness. To predict the nature of the solidified structure and
non-metallic material present at any point in processing from
the composition at the onset of solidification requires a
thorough understanding of the phase relationships which occur
and the course of deoxidation reactions during solidification.
Ternary phase diagrams of systems Fe-O-X (X being the
principal deoxidant) are helpful in describing the phase
relationships present during equilibrium deoxidation. Based
upon a general treatment of these systems by Elliott, (1)
this work develops the equilibrium phase relationships for
the quaternary systems Fe-O-C-Al and Fe-O-C-Si. The
addition of the fourth component, carbon, into the ternary
Fe-O-X system allows a more complete analysis of the deoxi-
dation process as it applies to steelmaking.
Once the equilibrium states are defined, the analysis
is extended to include the non-equilibrium conditions
encountered in actual solidification. The non-equilibrium
formation of oxides (i.e., hindered nucleation or suppression)
in ternary Fe-O-X alloys is treated I show the possible shifts
in composition of the liquid when the deoxidation reaction is
not able to proceed according to the normal dictates of
16.
equilibrium. These possibilities are then explored in the
quaternary Fe-O-C-Si and Fe-O-C-Al systems to describe the
course of deoxidation reactions as they occur during the
non-equilibrium solidification of steels, and to show
conditions which lead to the formation of CO gas during
solidification.
Experimental results are reported which indicate that
the theoretical treatment developed for non-equilibrium
solidification can accurately predict conditions at the onset
of solidification which will cause gas evolution during
freezing. The results show that gas evolution occurs because
of segregation in melts apparently completely deoxidized prior
to solidification. Samples from a 7600 lb. commercial killed
steel ingot are also investigated to determine under
laboratory conditions their state of deoxidation.
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II. LITERATURE SURVEY
While extensive investigations of the phase relation-
ships involved during the solidification of deoxidized iron
alloys have not been conducted, a good deal of information
is available in the literature to assist in the construction
and development of phase relationships in the systems treated
here. The information takes the form of generalized treatments
of phase equilibria, thermodynamic and kinetic data useful in
calculating new equilibrium and non-equilibrium phase diagrams,
and reported experimental techniques for measuring phase
relationships directly.
A. General Phase Equilibria
Several good sources of information are available
regarding conditions for phase equilibria and the rules for
constructing phase diagrams in multicomponent systems.
G. Masing(2 ) offers an excellent introduction to ternary
phase equilibria and application of the phase rule in multi-
component systems. It is a compactly written, yet readable
treatment of general ternary systems constructed from binary
phase diagrams with common characteristics (i.e., solid
solutions, miscibility gaps, eutectic, and peritectic
reactions, etc.).
A.Prince also offers a good introduction to ternary
phase equilibria. However, he then extends his treatment to
quaternary systems and discusses the various types of
18.
equilibrium possible such as divariant, univariant, and
invariant, and the various reactions which may represent
these equilibria. Other sources of information regarding
the thermodynamics of multicomponent systems are Rhines(4 )
and Palatnik and Landau.(5)
B. Thermodynamic and Kinetic Data
Based upon the generalized rules of phase diagrams
treated in the references just discussed, the problem of
calculating new phase diagrams pertinent to the solidification
of iron and its alloys can be approached with the help of
available thermodynamic and kinetic data of the systems of
interest. A startingpoint for the construction of ternary
phase relationships is, of course, the various binary systems
which bound the ternary. For the study of Si and Al deoxi-
dation during the solidification of steels, the binary
systems Fe-C, Fe-0, Fe-Si, Fe-Al, C-0, Al-O, and Si-O are
important. A great amount of information regarding the phase
relationships in these systems is available along with many
other systems in the compilations of Hansen and its
supplements. More recent information is available, however,
for the Fe-O and Fe-C systems. Chipman has recently
reviewed the published data of the Fe-C system to derive an
updated version of the system. Important points of interest
to this study are the solubilities of C in 6 and y iron and
the location of the peritectic reaction (L + 6 -+ y) at
19.
1495*C and 0.17% C.
The solubility of oxygen in 6-iron was determined
recently by Hepworth, Smith, and Turkdogan.(8) Further
experimental studies by Swisher and Turkdogan(9) have
determined the solubility of oxygen in y-iron. The results
of these studies of 6- and y-iron have been combined to
determine the Fe-O binary diagram at low levels of oxygen
(0-100 ppm).
In constructing quaternary diagrams of the sort
Fe-O-C-X, where X might be Si or Al, knowledge of the solution
thermodynamics of the ternary systems Fe-Al-O, Fe-C-O, Fe-Si-O
are particularly useful. A great deal of data on these
systems is presented by Elliott, Gleiser, and Ramakrishna. (10)
Other work has been done since the publication of this
volume so that some updating is required of the data presented.
The thermodynamic data necessary for this work, as well as
freezing point depression data and segregation coefficients
derived from the binary phase diagrams, are presented in
Table I.
The work of Forward and Elliott( 1 6 ,1 8 ) has suggested
that oxides may not form according to the dictates of
equilibrium during the solidification of steels. They were
able to locate in rapidly cooled Fe-Si-O melts non-
equilibrium deoxidation products which seemed to have formed
very late in solidification. The oxides formed so late
TABLE I
THERMODYNAMIC DATA USED IN THIS STUDY
Reaction
FeO(9) = Fe(9) + O(%)
FeO (i,) = (FeO in Fe-O-Al slag)
FeO(9) = (FeO in Fe-O-Si slag)
Al 2 0 3 (s) = 2Al(%) + 30(%)
FeO-Al2 0 3 (s) = Fe(k) + 2Al(%) + 40(%)
SiO = Si(%) + 20(%)
CO(g) = C(%) + O(%)
Relationship
Log K = -6320/T + 2.71
Log [yFeO/(1-XFeO) 2 = 2100/T-0.13
from diagram
Log K = -62,700/T + 19.46
Log K = -69,200/T + 21.7
Log K = -30,400/T + 11.58
Log K = -1168/T - 2.07
Reference
(11)
(12,13)
(1)
(1,14)
(12,13,14,
15)
(16,17)
(1)
FREEZING POINT DEPRESSION DATA
Element, i
C
0
Al
Si
Constant, A. (*C/%)
80
69
3
13
(7)
(6)
(6)
(6)
DISTRIBUTION COEFFICIENTS, ki, 6-IRON AND LIQUID
Element, i
C
0
Al
Si
k
0.20
0.059
0.70
0.67
(7)
(8)
(6)
(6)
.)
a w0 1 a
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during solidification that the segregated liquid would be at
compositions of Si and 0 far above the equilibrium values at
that temperature. This work gives rise to the possibility
that a critical supersaturation exists for the nucleation
of some deoxidation products during solidification, and that
the critical supersaturation may cause homogeneous nucleation
of the oxides. Further work on the Fe-Si-O system by
Sigworth and Elliott(19) suggests that this value for SiO 2
may be about 80. F6rster and Richter( 2 0 ) have calculated a
critical supersaturation ratio for the formation of Al2 03
of 3x106 in the Fe-Al-O system.
C. Experimental Measurement or Determination
Several experimental techniques are commonly used to
determine phase equilibria and diagrams. Rhines(4 ) has a good
discussion of the various techniques. The ones of importance
to this work, however, are those which determine most accurately
the liquidus of the systems and also indicate the period during
which solidification takes place. These usually involve
thermoanalysis, and most common is the time-temperature
cooling plot of Figure l(b) for the alloy of 1(a). This
plotted result is obtained by simply cooling a melt with a
thermocouple inserted into the body of the melt and recording
temperature as a function of time. The start of solidification,
solid-liquid region, and end of solidification may be
determined. However, reactions which are only slightly
Co
L 
L
s L + S
I
T
CONC.
(a)
L
L + s
S-
TIME
(b)
T
L 
+ 
s
"S
AT
(c)
FIGURE 1. COOLING CURVE (b) DTA PLOT (c) ASSOCIATED WITH THE SOLIDIFICATION
OF AN ALLOY (a) .
T
ruj
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endothermic or exothermic compared to the solidification
reaction may be difficult to perceive. For this reason, a
more sensitive technique called differential thermal analysis
(D.T.A.) has been developed and about which a great body of
review literature(2 1 ,2 2 ) exists, concerning its use and appli-
cation. The D.T.A. experiment in schematic form is shown in
Figure 2.
By opposing the two thermocouples as shown, the absolute
temperature of the sample melt may be obtained as well as the
difference in temperature between the two melts (AT). Hence,
any cooling irregularity between the two melts is exhibited
by AT. If the sample and reference melts are cooled or heated
at the same rate, and corrections are made for the differences
in heat capacity, thermal conductivity and mass of the two
samples, then any observed AT is a result of a reaction in
the sample melt, the reference melt chosen so as to have no
reactions, of course.
The alloy shown in Figure l(a) will exhibit the D.T.A.
response of Figure 1(c). A much more sensitive response is
obtained, as well as start and end of solidification. So
D.T.A. may be used to conveniently measure transformation
temperatures, as well as enthalpy changes of the given
reactions, which is proportional to the area under the peak.
In this study, D.T.A. will be used to measure known
transformation temperatures in systems as a guide to melt
24.
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FIGURE 2. SIMPLE SCHEMATIC CIRCUIT USED DURING
DIFFERENTIAL THERMAL ANALYSIS.
K
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composition, as well as the point in the range of solidification
when gas evolution occurs. The D.T.A. technique has been used
recently by Kor and Turkdogan (23) to measure properties of
sulfide formation in the Fe-Mn-S-O system.
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III. EQUILIBRIUM PHASE RELATIONSHIPS
DURING SOLIDIFICATION
A. Ternary Systems
Ternary systems of the sort Fe-O-X may be quite useful
in describing the state of deoxidation reactions during the
solidification of steels. They are particularly useful in
discussing which of several possible oxides of an Fe-O-X
system may be controlling the level of deoxidation. Elliott(1)
has presented a general treatment of the various types of phase
equilibria which can be present in Fe-O-X systems during
solidification and has calculated the important points for
systems of this type where X is Al, C, Cr, Mn, Si, and V.
A review of the characteristics present in ternary systems of
these types as they apply to the systems Fe-O-Al, Fe-O-Si,
and Fe-O-C is included here as preparation for the quaternary
equilibria presented later.
For purposes of illustrating phase relationships common to
ternary systems, Figure 3 is a pictorial representation of the
Fe-O-Al system showing the regions of stability of solid iron
and liquid iron and its oxides in the iron-rich corner of the
diagram at 1 atmosphere total pressure. The coordinates are
%O to the left, %Al to the right, and temperature vertically.
The liquid field exists in a volume bounded by surfaces of
one-fold saturation. These surfaces represent saturation of
the liquid with respect to another phase. The surfaces of
27.
L = L+ A203
L=L +
FeO-A2O
L = L +
01
(0.2%)
FIGURE 3.
Line of
Two-fold
Saturation
Al (0.20)
Bolanced
Point (m)
L L +G6
Fe
SURFACES OF SATURATION OF LIQUID IRON WITH
OXIDES OF THE Fe-O-Al SYSTEM (1525*C-
1650 0 C).
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one-fold saturation in the iron-rich corner of Figure 3.
represent the equilibria: Fe(k) = Fe(k) + Al2 0 3(s),
2 23Fe (A) = Fe(9) + FeO'Al2O3 (s), Fe(9) = Fe(Z) + liquid
oxide(Sk), and Fe(P) = Fe(k) + Fe(6). These surfaces inter-
sect at lines of two-fold saturation, of which there are
five. An example is Fe(Z) = Fe(Z) + Fe(6) + Al2 0 Three
lines of two-fold saturation can intersect to form a point.
There are two of these points of interest which represent the
liquid composition in an invariant condition where four phases
are in equilibrium: (1) Fe(9) + Fe(6) + Al 20 3 (s) +
FeOAl2 0 3 (s), and (2) Fe(k) + Fe(6) + FeO-Al 2 0 3 (s) + St.
The systems Fe-O-C and Fe-O-Si also exhibit similar charac-
teristics. The data indicated in Figure 3 may be projected
onto the basal Fe-O-Al plane in a polythermal projection to
indicate the relative positions of the various lines of two-
fold saturation. Polythermal projections for the systems
Fe-O-Al, Fe-O-C, and Fe-O-Si are shown in Figures 4, 5, and 6,
respectively.
The calculation of these diagrams is quite straight-
forward. Much is known about the locations of the surfaces
of one-fold saturation from published data on the deoxidation
reactions. The general reaction is:
Fe 0 X (s) = uFe(Z) + v 0(%) + w X(%) (3.1)u v w
for which
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Log K = log (aFe) (%0.o )Y (%X'f (3.2)
a Fe 0 X
u v w
and
Log K = A/T + B (3.3)
where K is the equilibrium constant for the formation of the
oxide, a is the activity of a species, and f is the activity
coefficient (customarily relative to the infinitely dilute
solution as the reference state). Thermodynamic relationships
of this type for systems of interest to this work are presented
in Table I.
The surface of saturation of Fe(2) with Fe(6) is described
by the equation for the lowering of the freezing point of iron
(T - T) as a result of X and 0 in solution in the liquid.
m
(Tm - T) = AX(%X) + A0 (%0) (3.4)
where AX and A0 are the coefficients for freezing point
lowering of the deoxidizing element and oxygen. Values of A.
for the systems of interest are also shown in Table I. A
linear equation for freezing point lowering can be assumed
at small concentrations of %X and %0.
The lines of two-fold saturation of the liquid with
6-iron and an oxide have an important characteristic. For
each system, Fe-O-X, this set of lines of two-fold saturation
has a composition of maximum temperature. In Figures 3, 4, 5,
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and 6, this maximum is denoted as M. M may be calculated by
differentiating with respect to temperature the equation
describing the line of two-fold saturation of liquid with
6-iron and the oxide.(1) Since in most systems this line
exists for several oxides, the expression for each must be
differentiated.This results in a maximum for each oxide.
However, in practice only one of these maxima exists at a
composition where the oxide is stable. It is this maximum
which becomes M fac the system. Elliott(1) has derived a
general equation for the maximum in systems of this sort.
dT/d%X = (v/w)A0 [K/%X(v+w) l/w - Ax (3.5)
The importance of M then is that the line of two-fold
saturation slopes down away from M in either direction.
Hence, the movement of the composition of the liquid in
equilibrium with 6-iron and in oxide which exhibits such
a maximum will be determined by its location relative to the
maximum. That is, compositions on the line, higher in X than
M will increase in X during further solidification and decrease
in 0, while compositions lower in X and higher in 0 than M will
increase in 0 and decrease in X.
Below M the liquid field divides into two fields. Hence,
in a ternary isotherm, below the temperature of the maximum,
two liquid regions exist, separated by a region of equilibrium
between solid iron-6 and the oxide. The development of this
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miscibility gap in the Fe-O-Si system is treated completely
by Elliott, (1) however, the development of thIgap in the
Fe-O-Al system is given here. Figure 7 is a ternary isotherm
slightly below the melting point of iron (Tm - T = 0.02*C),
deep in the iron-rich corner of the isotherm. Showiis the
region of stability of Al 203 ' 6-iron, and liquid. As the
temperature of the isotherm is lowered, the L + L + 6 phase
boundary moves out into the triangle until it meets the phase
boundary L - L + Al 203 as in Figure 8. The point of tangency
between these two boundaries is the ternary maximum M. At
this time the liquid field is divided into two liquids, LI and
L 1 . As the temperature of the isotherm is lowered, the two
liquids separate further as in Figure 9, forming the new two
phase region, 6 + Al203, and the two new three phase regions,
6 + LI + Al2O3 and 6 + L I + Al203'
The nature of the reaction at the intersections of lines
of two-fold saturation, or the invariant planes can be deduced
from the slopes of the three lines of two-fold saturation
that form it. Elliott(l) has shown that if all three lines
descend down to the point, the reaction is Fe(k) -+ Fe(6) +
OX 1 + OX 2, i.e., a 1/3 reaction or eutectic. The other likely
condition exists when two lines descend down to a point from
above and the third descends down away from the invariant
point. The reaction would be Fe() + OX = Fe(6) + OX2'
i.e., a 2/2 reaction or pseudoperitectic. These two cases are
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FIGURE 7. ISOTHERM OF THE Fe-O-Al SYSTEM, 0.02*C BELOW THE MELTING POINT OF
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shown schematically in Figure 10. A peritectic or 3/1
reaction is not possible in these systems since both 0 and
X are assumed to lower the freezing point. The systems of
interest to this work all form pseudoperitectic or 2/2 type
reactions in the iron-rich corner as shown in Figures 4, 5,
and 6. Compositions of these invariant points, as well as
maxima, are tabulated in Table II.
Ternary systems of this type are useful in determining
which stable oxide is controlling the oxygen content of an alloy
during solidification. Two examples of this use are now
given for alloys in the Fe-O-Al system.
The first example is an alloy whose Al composition is
such that during cooling prior to solidification it is in
equilibrium with Al 203 and starts solidification at an Al
composition higher than that of M. Then throughout the
balance of solidification equilibrium of the liquid with
Al203 will control the oxygen content of the remaining liquid.
A contrasting example is an alloy whose Al content is such
that it strikes the line of two-fold saturation with
Al 2 03 (s) and Fe(6) at an Al composition less than that of
the maximum, M. During further cooling and solidification
6 and Al 2 03 (s) will precipitate from the remaining liquid
until its composition reaches the first invariant condition
P . At this point, the liquid comes into equilibrium with
6, Al 2 03 (s), as well as FeOA12 03 (s). Upon further cooling,
Fe(I) +OX, +OX2 Fe(l) + OX1 + OX 2
Fe(l) + OX2  Fe(6) Fe
F
(1/3)
1) +OX1 +F
e(l)+OX 2 +
e(8)
Fe(S) Fe(l)+OX
P
(2/2)
Fe(l) = Fe(6) +OX1 + OX2
FIGURE 10.
Fe(l) + OX1
TWO POSSIBLE INVARIANT CONDITIONS
IRON IN THE Fe-O-X SYSTEMS.
= Fe(S) + OX2
INVOLVING LIQUID AND DELTA
2+ Fe(l)
TABLE II
LOCATIONS OF MAXIMA AND INVARIANT
Maxima (M)
CONDITIONS IN Fe-O-X SYSTEMS(1 )
Invariants (Constant P)
Ternary System %0 %X AT*C %0 %X AT*C
3.2x10 4
0.047
0.013
5.0x10-3
0.04
0.034
0.04
6.40
1.30
0.036
0.138
0.16
0.063
4.1x10-6
3. 9x10 7
0.01
0.0015
*Quasi-peritectic is assumed.
0
Fe-O-Al
Fe-O-C*
Fe-O-Si
2.5
9.5
11.0
4.4
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Al 2 3 (s) no longer precipitates and (6) and FeOCAl2 3 (s)
continue to form. If liquid still remains at P2, the liquid
will be in simultaneous equilibrium with 6, FeO-Al203 (s), and
SQ, another invariant condition, and then 6 and Sk will form
until solidification is complete.
B. Quaternary Systems
Equilibrium phase relationships will now be presented
for the systems of interest to this work, Fe-O-C-Si and
Fe-O-C-Al.
The quaternary composition tetrahedra for the Fe-O-C-Si
system and the Fe-O-C-Al system are shown in Figures 11 and 12.
In each of these tetrahedra the independent variables plotted
along the edges are the compositions of oxygen, carbon, and
silicon, or aluminum. Pressure and temperature are constant.
The dashed lines connecting SiO2 and FeO in Figure 11 and FeO
and Al 203 in Figure 12 represent the isotherm in each of the
corresponding oxide binary phase diagrams for saturation with
liquid iron.(l) Only the iron-rich corner of each of these
tetrahedra is of interest to this work.
In developing the phase relationships of these quaternary
systems, the ternary systems which bound these tetrahedra
must be considered. These are the systems Fe-O-Al, Fe-O-C,
Fe-O-Si, which were discussed in detail in the previous
section and Fe-C-Si and Fe-C-Al. For the small range of
42.
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compositions of interest to this work, the Fe-C-Si and
Fe-C-Al systems may be described simply in terms of freezing
point lowering in a manner analogous to Equation (3.4).
(T - T) = AC * (%C) + AX (%X) (3.6)
This expression describes a tilted plane which passes through
the melting point of iron at the ternary iron corner.
Having in hand the ternary systems which bound the
quaternary tetrahedra, the quaternary phase relationships
may be investigated.
1. The Liquid Field
Figure 13 represents the extent of the liquid field and
its boundary phases prior to solidification for the quaternary
system Fe-O-C-Si system. The relationships are plotted at
constant temperature and pressure on orthogonal axes with
increasing silicon to the left, oxygen to the right, and
carbon in the veritical direction. The viewer sees the iron
corner of the diagram as though he were looking at the corner
of a box from the inside. The sides of the box are the
Fe-O-C system to the right, Fe-C-Si system to the left, and
the Fe-O-Si system in the foreground. The ruled surfaces
shown enclose the region of stability of the liquid. The
surface extending out from the Fe-O-C face with increasing Si
is the surface of one-fold saturation of the liquid with CO
at CO = 1 atm. That surface is defined for each isothermal
1-0 %c
-COCO(g)A= _C_(w) 
I())
Fe(l) 2CO(g) + (o) = Si0 2 (s) 29.(%)
(e.S 2 .2 + CO)L-Si02
A 5(Feo)= Fe(j) .Q(%/)
L--Sl
a%(%/)+ 2.Q(%/) = Sio2(s)
Fe(l) + SIC)2'+ S1
FIGURE 13. IRON-RICH CORNER OF THE Fe-O-C-Si SYSTEM AT 1538 0C INDICATING THE
REGION OF SATURATION OF LIQUID WITH SiO 2 , CO(g), AND IRON-
SILICATE SLAG. (Ptotal = 1 atm.).
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section by the reaction:
CO(g) = C(%) + O(%) (3.7)
The trace of the surface at zero concentration of silicon
is the CO equilibrium for the simple Fe-O-C system. The ruled
surface extending vertically with increasing C from the
Fe-O-Si side is the surface of one-fold saturation of liquid
iron with silica. The trace of this surface is given by the
equilibrium:
SiO 2 = Si(%) + 20(%) (3.8)
At high values of oxygen, the equilibrium becomes that
involving the iron-silicate slag (Sk).
FeO(in FeO - SiO2 slag) = Fe(9.) + O(%) (3.9)
A third ruled surface is then defined by this relationship.
The intersection of the ruled surfaces for CO and SiO 2
forms a curve which represents the composition of liquid in
equilibrium simultaneously with CO and SiO The curve may
be described analytically at values of oxygen less than 0.06%
by:
2CO(g) + Si(%) = SiO 2 + 2C(%)
Log K = -28064/T + 15.72 (3.10)
This relationship is obtained from Equations (3.7) and (3.8).
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Data for these reactions are listed in Table I. At higher
oxygen contents, the ferrous-silicate slag must be
considered instead of SiO2 and the curve is extended as the
intersection for the CO and Sk surfaces. The relationship for
this part of the curve is:
CO(g) + Fe(t) = FeO(in FeO-SiO2 slag) + C(%) (3.11)
Compositions on the surface of one-fold saturation of liquid
with respect to CO (L + L + CO) will form CO on cooling. In
a like manner compositions in equilibrium with SiO 2
(L -+ L + SiO 2 ) will form SiO 2 on cooling. Diagrams like
Figure 13 may be used to describe the state of deoxidation
prior to solidification. Point A in Figure 13 is the liquid
composition which is in equilibrium with CO, SiO2, and St.
In a quaternary system at constant P, this is a univariant
condition.
Figure 14 is a similar diagram for the Fe-O-C-Al system.
The characteristics of this system are very much like those
of the previous system except that four oxide phases may
exist: CO, Al 203, FeO-Al203, and St. Thus, there are three
segments to the line of two-fold saturation of liquid with
CO and another oxide. They are L -+ L + Al203 + CO,
L + L + FeOAl2 03 + CO, and L + L + Sk + CO. There are two
invariant conditions in the region shown in the diagram;
Point A representing the composition of the liquid in
1.0 %/C
CO(g) = C(0/) + (0/)
3CO(g) + 2A.(%Io) = 3 C(o)+ A1203 (s)
A
1.00io ----- V"B
L--,-Fe.o3 02o-2%
FIGURE 14. IRON-RICH CORNER OF THE Fe-O-C-Al SYSTEM AT 1538 0 C INDICATING
THE REGION OF SATURATION OF LIQUID WITH Al20 CO(g),
FeO*A1 2 3, AND IRON-ALUMINATE SLAG. (Ptotal = 1 atm.).
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simultaneous equilibrium with Al 2 0 3 , FeO*Al20 3, and CO, and
Point B which is the liquid composition for the equilibrium
of L, FeO-Al 2 03, Sk, and CO. For both Figuresl3 and 14, the
equilibrium pressure of CO is assumed to be 1 atm., however,
it should be noted that the partial pressure of CO 2 becomes
appreciable at higher values of oxygen in thse systems.
However, in the regions of interest to this discussion, the
pressure of CO 2 is considered to be negligible.
2. Liquid and Delta Equilibria
The phase relationships necessary to an understanding of
deoxidation during solidification in the systems being treated
are those involving the simultaneous equilibria of liquid iron,
solid iron (6), CO (gas), and the principal deoxidation
product. The conditions for these equilibria are obtained
by introducing the surface of one-fold saturation of liquid
iron with solid iron, L -+ L + 6, into the quaternary volume
as shown in Figure 15, a plot of the Fe-O-C-Si system for a
temperature just below the melting point of pure iron, 1538*C.
The surface of the liquid phase for the equilibrium L -+ L + 6
is a triangularly shaped surface lying deep in the corner of
the box. It becomes the underside of the liquid volumes shown
in Figures 13 and 14 below the melting point of iron. The
location of this surface is developed by an extension of the
relationship for the freezing point depression (Tm - T
discussed previously for ternary systems:
LIQUID VOLUME
Fe(l) = Fe() +S102 0.00 %c
e(l) =Fe(l) + COO1otm)
L = L 4' 6 + Si02
0-22%Si ,.00
L11+ SI 2  Fe(8)+ S102 L, F Li +
Ll + Fe(6) +s Si2 Si02
+Si02
FIGURE 15. IRON-RICH CORNER OF THE Fe-O-C-Si SYSTEM AT TM - T = 2.6 0 C.
'~0
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(Tm ~ T) = A0 (%) z + AC* (%C), + A (%Si) (3.12)
The subscript k indicates that the composition is for the
liquid phase. Deeper into the corner from the surface
designated by Equation (3.12) is the surface of the 6-phase
for the same equilibrium, L = L + 6. The relationship for this
surface is:
(Tm -T) = AO'(%0)6/kO + AC (%C) 6 /kC +
A (%Si)6/k (3.13)
As the temperature of the system is decreased below the
melting point of iron, the surfaces of 6 and liquid for the
equilibrium L -+ L + 6 move out from the corner of the box.
Very soon this liquid surface forms a line of intersection
with each of the surfaces of one-fold saturation of the liquid
with SiO 2 , Sk, and CO, respectively, initiating at the
ternary maximum discussed earlier. The first of these inter-
sections is shown in Figure 15 where one of these lines of
two-fold saturation, L -+ L + 6 + SiO 2, has formed which
constitutes the range of compositions of the liquid at the
selected temperature which is in equilibrium with 6-iron and
SiO This line is defined by Equation (3.8) and Equation
(3.12). At lower temperatures, the surface L - L + 6 moves to
sufficiently higher concentrations to intersect the surface
L -+ L + CO and L -+ L + Sk, thus forming two additional lines
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of two-fold saturation, L -+ L + 6 + CO, and L -+ L + 6 + Sk,
as defined by Equations (3.7) and (3.12),and Equations (3.9)
and (3.12), respectively.
The relative movement with decreasing temperature of the
lines of two-fold saturation of the liquid with 6 and each of
the oxides can be seen most easily by considering the
corresponding lines of two-fold saturation on the surface of
the 6 phase. The reason for this is that there is a series of
tie-lines joining the equilibrium compositions of 6 with those
of the liquid so that the extent of the liquid field is
indicated on the surface of the delta region. This surface
of the 6 field in the corner of the box is shown schematically
in Figure 16 for three temperatures, T 1 , T 2 ' and T3 . Each
curve on the surface is a line of two-fold saturation of 6
with L and another phase, i.e., 6 with L + SiO 2, 6 with
L + CO, and 6 with L + St. Thus, the extent of the liquid
field in equilibrium with 6 is indicated by the areas 6 + L,
6 + LI, or 6 + L11 . At T1 , the simultaneous equilibria of
L + 6 + SiO2 + CO and L + 6 + SZ + CO are prohibited.
However, a slightly lower temperature, T2, (b) of Figure 16,
the two lines of two-fold saturation L -+ L + 6 + CO and
L -+ L + 6+SiO2 become tangent at point M*, which is a
quaternary invariant condition. Here the liquid field splits
as was seen previously for the ternary case. The simplest
way to consider this invariancy is that it consists of five
8+ L
8+00
~8 + CO
8 + L
8+SL
(b)
Y+ 8+00
y 6+CO
8+510O2T
z T3
8+ L,
8+SI
8+00
S02  8+L1
8+ SI
FIGURE 16. SCHEMATIC DIAGRAM OF MOVEMENT OF LINES OF
THREE-PHASE EQUILIBRIA ON SURFACE OF 6-PHASE
IN THE Fe-O-C-Si SYSTEM DURING FORMATION OF
THE QUATERNARY INVARIANT CONDITION; M*
DESIGNATES THE 6 COMPOSITION FOR THE
INVARIANT STATE (T1 > T2 > T 3 ).
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phases in equilibrium: 6, SiO 2, CO(g), and liquids LI and L I.
Also at M*, a condition of coplanarity of L, 6, SiO 2 , and CO
must exist. Above the temperature of point M* (T2 ) the
liquid field is continuous and below it (T3 , Figure 16(c)),
there are two separate liquid regions, i.e., LI and L11 . It
is important to note that the temperature of point M* is the
maximum temperature for the coexistence of L + CO (1 atm.)
+ SiO 2 + 6. Figure 16(c) shows that the univariant points Y
and Z involving the equilibria L11 + CO + SiO2 + 6 and
L + CO + SiO2 + 6, respectively, arise from point M* on
cooling. The gap between Y and Z widens at lower tempera-
tures. The concentrations of carbon and silicon in L I at
Y increase, and the concentration of oxygen in L at Z
increases. At a lower temperature, another quaternary
invariant condition is encountered; that involving
L + 6 + CO + SiO2 + Sk. This is shown schematically in
Figure 17 (a), the reaction at the invariant point (P)
LI + SiO2 + 0 + Sk (3.14)
in the presence of 6. As a result of this reaction, LI is
removed from contact with SiO2 as shown in Figure 17 (b).
The four phase volumes which must be associated with the
movements of the univariant points to form the invariant
condition in Figure 17 are shown in Figure 18. The two
tetrahedra to the right of Figure 18 (a) include points Z
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FIGURE 17. SCHEMATIC DIAGRAM OF THE QUATERNARY
INVARIANT CONDITION (SiO -6-L -CO-S )
IN THE Fe-O-C-Si SYSTEM iT4 > T )
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FIGURE 18. FOUR PHASE VOLUMES ASSOCIATED WITH THE
FORMATION OF THE QUATERNARY INVARIANT
CONDITION (SiO 2 -6-L-CO-S ) in the
Fe-O-C-Si SYSTEM.
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and Z' in Figure 16(c). There is also another volume repre-
senting the univariant equilibria between L, CO, S, and
SiO These volumes join at the invariant condition (P) in
Figure 18(b) and then separate as shown in Figure 18(c).
This is a Type II invariant reaction according to Rhines(4 )
where two phases react to form three. The reaction is:
L + SiO2 = 6 + St + CO (3.15)
So far the 6 surface has been shown schematically,
however, Figure 19 is a three-dimensional plot of the 6
surface above, at and below the invariant condition. Notice
that the 6 surface has regions of equilibrium CO, SiO2 and SZ,
as well as lines of equilibrium with CO and L i, CO and Li,
L and Sk, and SiO 2 and Sk, as discussed on the schematic
plots.
Figure 20 is designed to show the full spatial relation-
ships associated with the invariant condition (Equation (3.15)).
The inset shows the lines of two-fold saturation and surfaces
of one-fold saturation associated with the 6 phase.
Plots similar to those of Figures 16 and 17 may be drawn
for the Fe-O-C-Al system as in Figure 21. In this system, M*
is generated by the touching of the 6 + CO and 6 + FeO'Al 203
regions. During further cooling two other invariant
conditions are achieved: one concerning 6, Al 2 03 , FeOAl203 '
LII, and CO, whose reaction is:
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FIGURE 19. SOLIDUS SURFACE (6) OF THE Fe-O-C-Si SYSTEM
AT TEMPERATURES ABOVE, AT, AND BELOW THE
QUATERNARY INVARIANT CONDITION (Fe(6)-
sio2-CO Fe(29)-S9) AT POINT P
(TM~T = 6.90C).
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FIGURE 20. IRON-RICH CORNER OF THE Fe-O-C-Si SYSTEM AT THE TEMPERATURE OF
THE QUATERNARY INVARIANT CONDITION (Fe(6)-SiO -CO-Fe(k)-S) AT
POINT P (TM -T = 6.9 0 C). 2
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FIGURE 21. SCHEMATIC DIAGRAM OF MOVEMENT OF LINES OF
THREE PHASE EQUILIBRIA ON SURFACE OF 6-PHASE
IN THE Fe-O-C-Al SYSTEM DURING THE FORMATION
OF THE INVARIANT CONDITION, M*.
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L I + FeO'Al203 CO(g) + Al203 (3.16)
when points Y and Y' come together at Pi, L1 1 is transferred
out of contact with FeO-Al203 by this reaction. At a slightly
lower temperature, the other invariant condition involves 6,
FeO'Al2 03, L1 , CO(g), and SP at the joining of points Z and Z'
in Figure 21. The reaction for this invariancy (P2) is:
LI + FeO-Al203 - CO(g) + Sk (3.17)
and LI is transferred out of contact with FeO'Al 2O 3 '
Figures22 and 23 show the four-phase volumes associated
with the two invariant conditions at P1 and P2 in the
Fe-C-C-Al system. They are similar to those presented for
the Fe-O-C-Al system in Figure 18. The reactions at P and
P2 are:
at P : L + FeO-Al 0 = 6 + Al203 + CO (3.18)
at P2 : LI + FeO-Al2 03 = 6 + Sk + CO (3.19)
An alternative way of plotting these systems to show M*
and the other invariant conditions is to plot movements of
the univariant conditions with temperature as a function of a
major composition variable such as %0. Figures 24 and 25 are
such plots for the Fe-O-C-Si and Fe-O-C-Al systems, respec-
tively. An isothermal line through either of these diagrams
just below M* would intersect with the univariant conditions
61.
CO
A
H O
A12 03
FeO-A 2O3  H
(a) (H)
CoL
A '. -- - -
(b) H
CO L,
Aaa
A
(c) H
FIGURE 22. FOUR PHASE VOLUMES ASSOCIATED WITH THE FORMATION
OF INVARIANT CONDITION PI IN THE Fe-O-C-Al SYSTEM.
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FIGURE 23. FOUR PHASE VOLUMES ASSOCIATED WITH THE FORMATION
OF INVARIANT CONDITION P 2 IN THE Fe-O-C-A1 SYSTEM.
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63.
M* 0.043 aO4
P 0.063 0.032
Q 0.013 0.145
E 0.160 0.012
6
7
0
8
9
10
11
12
13
050
I I A a
4
PT - E *1L!.
M" 0.043 0.044 3.1-10-6
P1 0.036 0.053 4.1-10-6
P9 -138 0.014 3..10- 7
L+ A1203+ CO + H
20 a093 85.1O4 P
60 0.012 0.0 /%
Li+CO+H+8 M
)+ H+SI A12 03+ H
+CO+6
P2
Li+CO+ SI/
+8 /
E
FeO-AI2O3 (H)
+CO+SI+6
I . *
-L11+CO+H +6
-P1
L + A120
.CO.s
0-10 0-05
*/.O IN LIQUID
3
0.01
6
7
8
10
11
12
13
FIGURE 25. UNIVARIANT LINES AND INVARIANT POINTS
(P 1AND P2) IN THE Fe-O-C-Al SYSTEM.
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at Z', Z, and Y for the Fe-O-C-Si system in Figure 24 and
Z', Z, Y, and Y' for the Fe-O-C-Al system in Figure 25.
3. Polythermal Plots
The univariant point Y that was discussed previously is
of importance in the solidification of steels containing an
appreciable concentration of deoxidizer. If during solidifi-
cation, the liquid composition should coincide with Y, CO
evolution would be expected. This is a condition to avoid in
killed steels and to control in semi-killed steels.
Isothermal quaternary plots are quite awkward to use in
examining the movement of liquid compositions, relative to
univariant conditions, during solidification. This is
because a different plot must be drawn for each temperature
or stage during solidification. For this reason the movements
of liquid compositions may best be seen on quaternary
polythermal projections. Figure 26 is a schematic
polythermal plot of conditions in the iron corner of the
Fe-O-C-X tetrahedron. On the left is the surface swept out
by the isothermal line of two-fold saturation of liquid with
the oxide, OX, and 6 as the temperature is decreased. The
locations of this line at various temperatures are shown, T,
T 2 ' T3  . . . . In a similar manner on the right is the
surface formed by the movement of the isothermal line of two-
fold saturation of liquid with CO (1 atm.) and 6. The midrib
is the line of intersection of the two surfaces which represents
0/0 C
-- Ds
T6
T5
Y6 T4 T1>T2>T3
As BY5 Y4 T31
A'Y3 T2L CL+CO
TT5 
M T
T4 T
0-.0 ''-'O T2 T3 %5___00
FIGURE 26. SCHEMATIC POLYTHERMAL DIAGRAM OF SURFACES GENERATED BY LINES OF TWO-
FOLD SATURATION OF LIQUID WITH 6 + CO (1 ATM.) AND 6 + OX WITH
DECREASING TEMPERATURES. Lines A-A', B-B', and D-D' Show Movement
of Alloys During Freezing.
1. 1b0 Ap
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the three-fold saturation of liquid with CO, OX, and 6. This
line is the locus of the univariant condition existing at con-
stant temperature and pressure: L = L + 6 + CO + OX, which
traces out a line with decreasing temperature. In the fore-
ground on the line is M*, the quaternary maximum. The locus
of points Y from Figures 16(c) and 21(c) is the line which
moves off to the upper left with decreasing temperature, while
the locus of points Z from these figures moves off to the lower
right with decreasing temperature.
The usefulness of Figure 26 may be shown by considering
several alloys A, B, D and their compositional changes on
cooling during solidification: lines A-A', B-B', and D-D'.
Alloy A at the start of solidification is in equilibrium
with 6-iron and the stable oxide OX at T . As solidification
proceeds and the temperatures lower from T1 to T2 to T3 , . ''
the composition of the remaining liquid moves in the tetra-
hedral volume as shown by arrows. This movement is caused
by the simultaneous effects of solute rejection and the
formation of the oxide. The initial level of deoxidation at
T1 is high enough so that during cooling A-A' does not inter-
sect the line M*-Y6. onsequently, CO (1 atm.) does not form
in this alloy during solidification. The behavior of alloy A
is analogous to that of a killed steel during solidification.
Line B-B' is the path followed during solidification
by the composition of an alloy whose composition at the start
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of solidification is B at T . The alloy is in equilibrium with
6 and OX at the start of solidification and follows path B-B'
strikingline M*-Y6 at T4 and Y . At this point, CO begins to
form and the liquid remains in equilibrium with CO, 6, and OX
throughout the balance of solidification. Path B-B' is
representative of the behavior of a semi-killed steel during
solidification under equilibrium conditions.
Liquid of composition D in Figure 26 is in equilibrium
with CO at the onset of solidification at T2. The concen-
tration of deoxidizer is very low, hence throughout solidifi-
cation along D-D', the formation of OX is never encountered.
This situation describes the behavior of a rimming steel during
solidification prior to capping.
4. Equilibrium with y-Iron
So far the analysis has considered the phase regions in
the system Fe-O-C-X only at temperatures where 6-iron is
present. These are the regions of main interest to this work.
However, for the sake of completeness, the analysis will now
briefly be extended to those regions where y-iron must be
considered. This will be done for the case of the Fe-O-C-Si
system only.
As in the previous analysis for the presence of 6, it is
easiest to see the effect of y on the quaternary system by first
introducing y into the ternary systems which bound the
quaternary. y-iron first forms by the peritectic reaction in
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the Fe-C system at 1495*C and 0.17% C. (7) For this reason,
knowledge of the Fe-O-C ternary system below the peritectic
temperature is necessary. Figure 27 is the isothermal section
of the Fe-O-C system at 1528*C or just above the temperature
of the monotectic reaction in the Fe-0 binary.(8'9) This
diagram was calculated according to the procedures outlined
by Elliott,(l) and reviewed in Section IIIA. At this tempera-
ture, it should be noted that L still exists. However, as
can be seen from the Fe-O binary (Appendix A), below the
monotectic temperature only liquid slag may exist in
equilibrium with 6-iron. The effect of this is seen in
Figure 28, the 15201C isotherm of the Fe-O-C system. The
reaction at the monotectic (LI = 6 + S(1)) has replaced LI
with Sk(k). Hence, the LI + 6 region of Figure 27 has been
replaced by Sk (k) + 6, and LI + 6 + CO by 6 + CO + Sk(Z).
Also, the solubility of oxygen in 6-iron has remained virtually
unchanged at about 80 ppm as can be determined from the Fe-O
binary.
At 1495*C, y-iron appears by the peritectic reaction
(2 + 6 -+ y), and Figure 29 is the isotherm 5*C below that of
the peritectic temperature. y-iron appears as a small wedge
whose solubility of oxygen is much less than that of 6. The
nature of this diagram is analogous to that of Figure 28, with
the exception that the three phase L11 + 6 + CO field has
become L + y +Co. Three new phase fields have appeared as
Lll+ 6+ CO
L+ Co +CO
Ll,
L, +6 +Co
L,+ 6
0.1 0.2.
%_o
FIGURE 27.
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ISOTHERM OF Fe-O-C SYSTEM AT 1528 0 C.
Ljj+ CO
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FIGURE 28. ISOTHERM OF Fe-O-C SYSTEM AT 1520 0 C.
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a result of y also. They are: y + CO, 6 + y, and 6 + y + CO.
The solubility of 0 in y at this temperature can only be
estimated from the Fe-O diagram as y is not stable in the Fe-O
system at this temperature. It has been estimated in this case
by extrapolating the y-y + wustite phase boundary to 15201C in
the Fe-O binary. The solubility is taken to be 35 ppm.
The Fe-Si system has no stability of y until quite low
temperatures (1392*C). Therefore in the Fe-C-Si system drawn
at 1490*C in Figure 30, y is assumed to have a very slight
solubility of silicon for the sake of easier representation.
The liquid composition at point A is related to the C composi-
tion of y, point B, by the segregation coefficient for y-iron
of 0.4 determined from the Fe-C binary.(7) The segregation
coefficient for C between liquid and 6-iron also determined
the position of point C relative to A.
The ternary diagrams of Figures 29 and 30 may be used to
construct the quaternary Fe-O-C-Si system. Figure 31 is a three-
dimensional representation of this system at a temperature
slightly below 1495*C. It is not drawn to scale. Notice that
the stable regions of y-iron and 6-iron each occupy a volume,
and that surfaces of equilibrium between y and CO, 6 and CO,
6 and Sk, and 6 and SiO2 are present. A divariant line exists
in the liquidus surface defining the equilibrium
L + y + CO + L and L + 6 + CO + L .
0a LN L,+ CO
LN +rY+ CO
's,, yY + CO
j+ 6 , 6+'y+ CO
--- + c
6 6+CO+Sl
%0/0 - - 6 + Si02 +S1
- ''6 +S'02
6 +Si02
+ LI,
%00
FIGURE 31. IRON-RICH CORNER OF THE Fe-O-C-Si SYSTEM JUST BELOW 1495*C.
Not Drawn to Scale.
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The compositions of the quaternary maxima (M*) and the
invariant conditions (P) for the Fe-O-C-Si and Fe-O-C-Al
systems are shown in Table III.
TABLE III
LOCATIONS OF MAXIMA AND INVARIANT CONDITIONS IN Fe-O-C-X ALLOYS
Quaternary
System
Fe-O-C-Al
Maxima (M*)
Phase %0 %c %X AT*C
liquid 0.047 0.040 2.1x10-6
solid
Fe-O-C-Si
0.003 0.008 1.5x10- 6
liquid 0.047 0.040 2.5xl0-3
6.5
6.5
Invariants (Constant P)
%0 %C %X AT*C
0.036 0.053 4.1x10-6  6.7
0.138 0.014 3.9x10~7 10.6
0.063 0.032 0.0015 6.9
0.003 0.008 1.7xl0-3solid
U,
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IV. NON-EQUILIBRIUM PHASE RELATIONSHIPS
DURING SOLIDIFICATION
During the actual solidification of an alloy in the
systems of interest in this work, the liquid composition might
not follow the dictates of equilibrium. This may result from
segregation, and hindered formation of deoxidation products.
Under certain circumstances, as discussed by Forward and
Elliott, (16) the deoxidation reaction might not be able to
form the necessary oxide except by the development of an
appreciable degree of supersaturation. Supersaturation can
arise because of segregation of both the deoxidizer and oxygen.
Forward and Elliott(16,18) found experimentally that under
certain conditions, heterogeneous nucleation could be suppressed
during solidification, and Sigworth and Elliott (19) demon-
strated that with sufficient supersaturation deoxidation
products can form homogeneously. The effect which hindered
nucleation may have upon deoxidation during solidification is
now presented in terms of Fe-O-X ternary systems.
A. Ternary Systems
With equilibrium nucleation of deoxidation products, the
composition of a cooling liquid will remain in equilibrium on
the stable surfaces of one-fold saturation and lines of two-
fold saturation until solidification is complete. However, if
after solidification begins, the formation of the deoxidation
product is hindered, the path of the liquid composition will be
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much different. The liquid will remain in equilibrium with
solid iron (6), but no oxide will precipitate, hence the compo-
sition will follow a path along the surface of one-fold
saturation with 6 which extends out under the equilibrium
field of oxide stability. It should be noted that even if
6-iron is not the stable phase in this region, an equilibirum
relationship, even though metastable, describes its behavior.
On the diagram of Figure 3, this surface would be an extension
of the surface labelled L = L + 6 back under the dome shaped
surface labelled L = L + Al2 0 3. The direction of this path
can be determined by the segregation occurring during
solidification. For purposes of simplicity in this treatment,
segregation will be assumed to be defined for both oxygen
and the deoxidizer X by the familiar Scheil(24) equation:
So k.-lC. = C. (1 - f) ' (4.1)i i
where C? and C. are the compositions of i in the liquid
initially, and as solidification proceeds, respectively, f
is the fraction solidified and kiis the partition
coefficient for the binary (Fe - i) system. Figure 32
illustrates the movement of liquid compositions from
equilibrium as solidification progresses in the Fe-O-Al
system, as has previously been done for the Fe-O-Si system.(18)
The line of two-fold saturation shown as a starting point of
solidification is the same line of two-fold saturation which
Fraction
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(fS)
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Saturation 0.95
Direction of 0.90
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-1.0 0.0
FIGURE 32. SEGREGATION DIAGRAM FOR THE Fe-O-Al
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0
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contains M in Figure 3. Solidification will continue in the
direction of the vector denoted in Figure 32 until sufficient
supersaturation is developed to nucleate homogeneously
particles of the oxide phase.
The critical supersaturation may be expressed by the ratio
(QS /K)* where Qs is the activity quotient in the supersaturated
liquid and K is the equilibrium constant for the deoxidation
reaction. Figures 33 and 34 indicate the compositions
necessary to obtain supersaturation sufficient for homogeneous
nucleation in the Fe-O-Al and Fe-O-Si systems for several
possible values of interfacial tensions (a) between the oxide
particles and the melt. The a versus (Q/K)* equivalences were
calculated by Turpin and Elliott. (11)
At the onset of formation of an oxide phase, the super-
saturated liquid will try to return to an equilibrium state
defined by the line of two-fold saturation Fe(k) = Fe(k)
+ Fe(6) + OX. The relative amounts of oxygen and deoxidizer
removed from the liquid will be determined by the
stoichiometric requirements of the deoxidation product.
Hence, a supersaturated liquid upon nucleation of its oxide
phase will continue precipitating the oxide ultimately until
the activity quotient of the liquid equals the equilibrium
constant for the formation of the oxide, i.e., Q s/K = 1.0.
5k
For the supersaturated liquid of composition CM and Co'
and the deoxidation reaction:
If v w 1
FeO-Al 2 03
1000 1500 \=2500erg/cm2000
I 5000.0 - Q/K=3.2 FeO
Q/K= 1.5 250
- 1.0 -
Fe ()=O
I Slag(2)+ 8
0 - 2.0 
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Saturation a */0 9
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m
-4.0-
Fe (2)
-5.01 1
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LOG %Al
FIGURE 33. DIAGRAM SHOWING THE SUPERSATURATION NECESSARY FOR THE FORMATION
OF Al 2 0 3 , FeO-A12 0 3, AND Sk IN THE PRESENCE OF Fe() AND 6
IN THE Fe-O-Al SYSTEM.
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FIGURE 34. DIAGRAM SHOWING SUPERSATURATION NECESSARY FOR
THE FORMATION OF SiO 2 AND SLAG IN THE PRESENCE
OF Fe(9) AND 6 IN THE Fe-O-Si SYSTEM.
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M 0 = u M(%) + v 0(%) (4.2)
the path of return of the composition of the liquid will
terminate at a point on theline of two-fold saturation which
satisfies the condition:
R£ u (M.W.)
[C _ __.) - AOu ' [CA - AoV = K (4.3)M v (M.W.)0  0 eq
where AO is the amount of oxygen removed and unit activity
of the oxide is assumed.
The actual return path may be defined in terms of the above-
mentioned termination point and any composition along the path
by two equations:
[C _ u (M.W.)M AO] = Ceq (4.4)
[C0 - Ao] = Ceq (4.5)0 0
If AO is eliminated, then the return path is described by the
relation:
(M.W.)MC ~ ~ e = [0-C + Ceq 46CO [CM -CM u (M.W.) M O46
This equation produces a family of curves, some of which are
shown in Figure 35 for the Fe-O-Al system. Any supersaturated
composition has a return path associated with it. Line E is
the return path which terminates at the balanced point or
maximum (M) in the line of two-fold saturation.
'4
0.0
Fe (1)+ A12 0.3(S)
-1.0-
-2.0-
R0 B
o Line of two-fold
J -3.0- Saturation D
Fe(f) = A12 03 (S) +t E F
-4.0-
-5.0 I I I I
-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0
LOG %Al
FIGURE 35. PATHS FOR CHANGE OF COMPOSITION OF LIQUID WITH FORMATION OF Al 2O 3 'LINES A, B, C, D, E, AND F. M is Balanced Point and E is
Balanced Line.
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The change of the liquid composition up to equilibrium is
described by return paths of the type seen in Figure 35.
Depending upon the compositions at the start of nucleation,
the final equilibrium position may be to the left or right
of point M. Hence, some paths result in enrichment of the
liquid in oxygen as equilibrium is approached and others
result in enrichment in the deoxidizer. The balanced line
divides the region of supersaturation into a range of composi-
tions which return to equilibrium to the left of point M and a
range of compositions which return to equilibrium to the right
of point M.
It may be possible during solidification in some systems
for the solidification vector of Figure 32 to cross the
balanced line before nucleation takes place. If this occurs,
then an alloy whose oxygen concentration would have been
controlled by a given oxide during solidification, if
equilibrium deoxidation had occurred, will complete solidifi-
cation in equilibrium with a totally unexpected oxide.
With each Fe-O-X system, there is a range of initial
equilibrium concentrations of deoxidizer near the maximum (M)
for which the above phenomena can occur. These concentrations
depend upon the supersaturations (Q s/K) at which nucleation
occurs and the corresponding fraction solid (f) of the liquid.
This range is obtained by calculating the intersection of the
solidification vector and the neutral line. The calculation
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is accomplished by shifting the equilibrium line to a new
position corresponding to the value of f required for obtaining
the critical supersaturation. The intersection of the shifted
line and the neutral line may then be found. The equilibrium
is shifted by writing the equilibrium compositions C eq and CeqM 0
in terms of the segregated liquid compositions C and C viaM 0
the Scheil equation (Equation (4.1)). These are then equated
with the equilibrium constant:
kM~1 u k -l v A/T+B
[CM/(l-f) C0/(l-f) I = 10 (4.7a)
yielding:
[C = (CM) v (1 - v-1)
10 (A/T+B)/v (4.7b)
The intersection is then defined by equating Equation (4.6)
and Equation (4.7b) where C e and Ceq are the balanced composi-M 0
tion of point M, a and b, respectively:
v - M.W.) 0  k- - -u( k -l1)+(k -1)C a) -F W.JM+ b = (CM) v (1-f) v M 0
M u M
S10 (A/T+B)/v (4.8)
The calculated values of CM and Ck may then be related to the
presolidification values C M and C 00e by Equation (4.1).
Figures 36 and 37 show the segregation of liquid during
to
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solidification and the return paths with formation of an oxide
in the Fe-O-Al and Fe-O-Si systems. The solidification vector
is one that crosses the neutral line at f = 0.90, and solidifi-
cations begins at f = 0.99 for the Al system, and at f = 0.99
and 0.97 for the Si system. Differences in return paths are
present for relatively small differences in fraction solid at
nucleation. This is because the supersaturation increases
rapidly at high fractions solid.
Table IV lists the ranges cEinitial liquid composition
C e for which the segregation vector will intersect the neutralM
line. Ranges are calculated for intersection at fractions
solid of 0.50, 0.90, and 0.99. Values are shown for several
deoxidation systems.
B. Quaternary Systems
In this section, the non-equilibrium solidification process
in steels will be modelled by considering the quaternary
systems Fe-O-C-Si and Fe-O-C-Al. Conditions under which CO(g)
evolution can be predicted during solidification are deter-
mined.
The formation of deoxidation products during solidifi-
cation is a result of the simultaneous enrichment of inter-
dendritic liquid due to segregationand deoxidation of that
enriched liquid. To quantitatively treat the competition
between these two processes, each must be analyzed in detail.
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TABLE IV
LIQUID COMPOSITION RANGES WHICH WILL RESULT IN THE
INTERSECTION OF THE SOLIDIFICATION VECTOR
AND THE BALANCED LINE
f = 0.5
(%)
0.005-0.005
0.034-0.040
0.70-0.64
0.75-0.73
f = 0.90
(%)
0.005-0.006
0.034-0.047
0.70-0.67
0.75-0.83
0.23-0.22 0.23-0.27
f = 0.99
(%)
0.005-0.008
0.034-0.087
0.70-1.11
0.75-1.72
0.23-0.58
System
Fe-O-Al
Fe-O-Si
Fe-O-Mn
Fe-O-Cr
Fe-O-V
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1. Segregation of Solute Elements
The analytical relationships used to describe segregation
may have several forms depending on the solute element being
considered. If diffusive transport of an element in solid
iron is sufficiently small to be neglected and the combined
effects of fluid motion and diffusivity in the liquid are
sufficient to make the concentration of the element in the
liquid uniform, the familiar Scheil (2 4 ) equation may be used
to describe segregation.
C= C (1 - f) (k-)(4.9)C. 1
This equation is a repetition of Equation (4.1). It describes
the remaining liquid concentration as a function of the
initial melt composition and the stage in solidification, f.
k. is the coefficient of distribution of i between solid and
liquid. At a given temperature, K. = C./CP, and thus by1 1 1
Equation (4.8) the concentration of i in the solid at the solid-
liquid interface is
S 0 (k . -1)
C = (C. - k.) (1 - f) (4.10)
In the case that diffusion of the solute element in the
solid is sufficiently rapid, a relationship developed by Brody
and Flemings (25) may be used:
C. = C. [1 - f/(l + ak.)] (k l) (4.11)1 11
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2
where a = 4D. t/d , D. being the diffusion coefficient of i
1 1
in solid iron, t is the local solidification time (in sec.),
and d the dendrite arm spacing (in cm). Flemings and
coworkers (2 6 ) found the value of t/d2 to be in the range of
7x104 sec/cm2 for Fe-Ni alloys and in steels. Equation (4.11)
is suitable only for an element having a diffusion coefficient
-7 2
of not more than 10 cm /sec. With higher values, the ratio
C9/Co obtained from Equation (4.11) is smaller than thati i
obtained for equilibrium solidification. Results of this type
are, of course, meaningless and indicate that the equilibrium
relationship should be applied.
The value of C. for equilibrium solidification is obtained
from a simple mass balance for i
C (1- f) + C - f = CO (4.12)
which may be rearranged to give:
C = CO/[1 + (k.-1) f] (4.13)
1 1 1
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Equation (4.13) is suitable to describe C for carbon and
oxygen in the Fe-O-C-Si and Fe-O-C-Al systems. The reason
for this is that the diffusion coefficients of these elements
in 6-iron are 6x10 6 cm /sec and 2.x cm 2 /sec,(8)
respectively. For silicon, the diffusion coefficient in 6-
-7 2 (28)iron is 10 cm /sec, and Equation (4.11) is appropriate.
Information on the diffusion of aluminum in 6-iron is lacking
1 4
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so it is necessary to assume DAl to be similar to that of
silicon, and consequently segregation of aluminum is according
-7 2
to Equation (4.11) also. For values of D Ri 10 cm /sec, the
results obtained by Equation (4.11) differ very little from
those obtained by Equation (4.9).
2. Deoxidation Reactions
A deoxidation product may form from the liquid on cooling
if the composition of the liquid rests at a line, point, or
surface representing saturation with the oxide in the
quaternary tetrahedron at constant temperature and pressure.
During solidification and cooling of such a liquid, both solute
rejection and a decrease in the equilibrium constant for the
reaction to form an oxide will lead to supersaturation of the
liquid relative to the oxide. Unless some unusual circum-
stances occur to prevent nucleation of the oxide, a sufficient
amount of the oxide will form to return the liquid composition
to saturation with the oxide at a position on the surface, line,
or point in the diagram for the new temperature.
The amount of solute elements taken from the liquid to
form the required amount of oxide (M 0 ) is determined from
u v
the following relationships. Equilibrium between the oxide
and the liquid is described by
M 0 uM(%) + vO(%), K = au a v/a (4.14)U v 0 u 0 v
Log K = A/TP + B (4.15)
93.
The change in concentration of oxygen in the liquid resulting
from the formation of the oxide is AO. There is an equivalent
change in the concentration of the deoxidizer, AM, which is
related to AO by stoichiometric considerations.
AM = AO '[u * (MW M)/v - (MW) 1 (4.16)
where MW is the molecular weight of the element. The new
equilibrium concentrations of M and 0, CM and Co, respectively,
are related to the old values of CM and C0 by
C = C - AO ; C = C - AM (4.17)
Insertion of Equation (4.16) and Equation (4.17) into
Equation (4.14) gives:
[Ck - 40 (u (MW)M/v * (MW) ] u * (C - A]v -
K(T )/fu * fv (4.18)
P, M 0 (.8
The value of AO is obtained by Equation (4.18). AM is then
calculated by Equation (4.16), and thenew concentration of M
and 0 in the liquid at equilibrium with M uOv at T is obtained
by Equation (4.17). The activity coefficients of the solute
elements fM and f0 can be calculated reasonably well using the
necessary interaction coefficients (Table I) and the initial
composition of the liquid.
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3. Combined Segregation and Deoxidation
Determination of the path followed by the liquid compo-
sition during solidification requires the simultaneous
solution of the equations describing segregation (Equations
(4.9), (4.11), or (4.13)) and the deoxidation reaction
(Equation (4.18)). The temperature of the reaction is deter-
mined by summing the freezing point lowering effects of all
the solute elements upon the liquid phase. An analytical
solution for the combined process has not been obtained. One
of the major complications is that the normal solutions to
equations like the Scheil equation (Equation (4.9)) assume
that the total mass of the metallic solid and liquid phases is
conserved. However, when a deoxidation product is forming
during solidification this is not so. As a consequence of
this an approximate solution is used here. Two alternative
solutions are possible which require an iterative calculation.
In the first, the effect of segregation on the composition of
the liquid is assumed for a selected value of f. This moves
the liquid composition to where it is supersaturated relative
to the oxide. Then the liquid is returned to equilibrium with
the oxide using Equations (4.14) and (4.18). The second method
reverses the calculation. A small amount of the oxide is
assumed to form which places the composition of the liquid
below its equilibrium level with the oxide. Then by
segregation thecomposition is brought up to saturation for
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the oxide at the calculated fraction solidified. These two
methods yield essentially the same result. As an example,
calculation of the path followed by the composition of the
liquid in theFe-O-C-Si system during segregation and deoxi-
dation of a melt initially in equilibrium with SiO2 involves
the following relationships:
Segregation:
Ck /C = [1 - f/(1.0+0.02)]-0.33
kZ o oC WCo = 1/1-0.94f ; C/Cc = 1/1-0.8f (4.19)
Deoxidation:
[C . 28 . A0] [C - Ao]2 = 10-(30,4000/T - 11.58)Si 32 0
(4.20)
Temperature:
T (*K) = 1811 - [13 * C + 69 * C + 80 C 1 (4.21)SI 0 C
With the first method, an initial melt composition (C" , Co,
C ), which is in equilibrium with Sio2 ' is assumed. For a given
value of f, new values of Cgi, C0 ,and CC are calculated
using Equation (4.19). Then a trial and error solution of
Equation (4.20) is obtained using a value of T estimated
simply from CC , Equation (4.21). This simplification is
possible because the freezing point lowering results mainly
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from C, in the alloy ranges considered here.
If both CO(g) and SiO 2 form during solidification, the
second step noted above also includes the CO(g) equilibrium
(Equation (3.7)) which is modified as follows:
[Cc - 12 AO] [C9 - AO] = 1 0 -[1168/T + 2.07] (4.22)C -16 0
and the restriction on CSi and CC according to Equation (3.10).
If the amount of oxygen and deoxidizer removed are small, the
composition path of the liquid may be described simply in terms
0
of segregation. This is suitable for alloys in which C Si is
greater than 0.10%.
The actual path followed by the composition of the liquid
phase during solidification can be traced out on a polythermal
projection, as shown schematically for equilibrium solidifi-
cation in Figure 26. However, the important information on
such a diagram can be expressed more simply in two dimensions
by projecting the plot onto the carbon-deoxidizer-iron
surface of the composite tetrahedron. A projection is shown
for the Fe-O-C-Si system in Figure 38 where the axes of carbon
and silicon are oriented to correspond with the axes of
Figure 26. The oxygen content of the melt may be obtained by
using Equation (3.7) or Equation (3.8). The locations of the
lines of two-fold saturation, L = L + 6 + SiO 2 and L = L + 6 + CO
(1 atm.) at various temperatures below the melting point of
iron, TM~-T, are shown. The trace taken by the univariant
A7 1 1 -6
L= L+6 +CO+ Si02 6 6
Tm Ti =40 *C Y7 L=+6C .' t 0.5
6. B5 0.1
35*OC i
3 -0-4
A6 30*OC Y5
M
.3 0
.5 25*C 2 4 D 0.3 <
f =.3 2O*C F E
.6
A 15*OC 2 -0.2
L=L+6+Si02 10*C Y 1
6.5*OC
0.30 0.25 0-20 0.15 0.10 0-05 0.0
FIGURE 38. PROJECTION OF POLYTHERMAL LIQUID SURFACES ONTO THE Fe-C-Si FACE OF THE
Fe-O-C-Si COMPOSITION TETRAHEDRON. Arrows Indicate Movement of Liquid
Composition of Alloys During Freezing. Alloy A: Liquid Saturated With
6 + Sio 2. Alloys D and E: Liquid Saturated with 6 + CO (1 atm.).
Alloys B and F: Liquid Initially Saturated with 6 + SiO 2, Later With
6 + SiO2 + CO (1 atm.).
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condition, L = L + 6 + SiO 2 + CO (1 atm.), with decreasing
temperature, compositions, Y1 . . . Y7 is also shown.
The movements of several liquid compositions during
solidification of several different alloys, A, B, D, E, and
F, are shown in Figure 36 by heavy dashed arrows. Alloy A
whose initial composition (0.20% C, 0.20% Si) is in equili-
brium with SiO2 starts to form 6-iron when its temperature is
18.6*C below the melting point of iron. The path followed by
the composition of the liquid during solidification was calcu-
lated using Equations (4.19), (4.20), and (4.21) as discussed
earlier. This alloy remains saturated with SiO 2 throughout
solidifiction and does not form CO (1 atm.).
Alloy B (0.05% Si, 0.10% C) is also in equilibrium with
Sio2 initially and through the early part of solidification.
When f = 0.6, the alloy becomes saturated with CO (1 atm.),
as well as SiO 2. Further solidification is accompanied by the
simultaneous deoxidation of the alloy by both Sio2 and CO
(1 atm.). As a result of this, the composition moves along
M*-Y 4, etc. This movement is analogous to that described
for equilibrium case B in Figure 26. Alloy D (0.03% Si,
0.30% C) is in equilibrium with CO ( 1 atm.) at the onset of
freezing and continues to form CO as freezing proceeds. The
segregation of silicon is insufficient for the liquid to attain
equilibrium with SiO2 also. Hence, the arrow never reaches
M*-Y 7 This behavior is the same as alloy D in Figure 26.
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The paths shown in Figure 38 tend to indicate that initial
compositions to the right of line M*-Y 7 (alloys D and E) will
form CO throughout solidification because silicon does not
segregate rapidly enough for silica to form and deplete the
liquid of oxygen. Alloys whose silicon contents are within
0.05% (at a given carbon concentration) of line M*-Y7 (alloys
B and F) will form CO sometime during solidification even though
they are in equilibrium with silica at the start of solidifi-
cation.
In some cases, solidification may occur with the formation
of oxide phases being suppressed. As previously discussed,
there is someexperimental evidence (16,19) for the suppression
of the formation of SiO Also the suppression of CO(g)
evolution by increasing the pressure on a solidifying structure
is well-known. The paths followed by the composition of the
0 0liquid for two alloys A (C S= 0.15%, CC = 0.20%) and B
0 0(C = 0.05%, CC = 0.10%) are shown in Figure 39. The
coordinates of this diagram are the same as those of Figure 38
except that silicon is plotted from left to right in a more
conventional form. The path followed by the liquid of alloy A
during solidification with the formation of SiO 2 is path A-a'.
That followed if the formation of SiO2 were suppressed is A-a".
This path is determined solely by segregation. There would be
a strong tendency for CO (1 atm.) to form early in solidifi-
cation in this case. The path taken by alloy B during normal
0-60
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FIGURE 39. MOVEMENT OF LIQUID COMPOSITIONS DURING SOLIDIFICATION ON PROJECTION OF
POLYTHERMAL LIQUID SURFACE IN THE Fe-O-C-Si SYSTEM, ALLOYS IN
EQUILIBRIUM, WITH SiO 2 AT THE ONSET OF FREEZING. A-a' Formation of
SiO 2 , A-a" No Formation of Oxides, B-b' Formation of SiO2 ' B-k-b"
Formation of SiO and Then Simultaneous Formation of SiO2 and
CO (1 atm.), B-b No Formation of Oxides.
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solidification would be from B to k with formation of SiO 2
only, and then from k to b'" with the simultaneous formation
of SiO 2 and CO (1 atm.). If formation of CO were suppressed,
the path would be B-b'. If both CO and SiO2 were suppressed
the path would be B-b". These paths have been calculated
using Equations (4.19), (4.20), and (4.21), as appropriate.
The movement of liquid compositions during the solidifi-
cation of Fe-O-C-Al alloys is more difficult to describe as
there is the question of whether true equilibrium, as defined
by careful equilibrium laboratory studies, actually exists
in practice. The problem of the relatively high oxygen levelsin
aluminum killed steels, as observed by Hilty and Crafts, (29)
still remains a puzzle. For this reason, in treating the
Fe-O-C-Al system several sets of conditions are considered here.
The first is to assume that the equilibrium for the reaction
according to laboratory studies -
Al 0 (s) = 2Al(%) + 30(%) ; log K =62,700 + 19.462 3 -T
(4.23)
pertains throughout solidification and the high oxygen levels
observed in the steel result from residue of entrained alumina
particles.
Figure 40 is a projection of the polythermal surfaces for
two-fold saturation of liquid iron with 6 + Al203 and 6 + CO
(1 atm.) on the Fe-C-Al side of the Fe-O-C-Al tetrahedron.
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FIGURE 40. MOVEMENT OF LIQUID COMPOSITIONS DURING SOLIDIFICATION ON PROJECTION OF
POLYTHERMAL LIQUID SURFACE IN THE Fe-O-C-Al SYSTEM. Initially 50 ppm
of Oxygen in Melt. A-i-a' and B-j-b' Assumed Separation of Alumina
to Equilibrium and Then Solidification With Formation of Al20
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The surface of saturation with 6 + A1 20 3 covers most of the
diagram with the surface 6 + CO (1 atm.) being very far to the
left. The abscissa is drawn with a change of scale to
facilitate showing detail at low aluminum contents. In the
Fe-O-C-Al systems, there are also surfaces of two-fold
saturation and lines of three-fold saturation involving
hercynite (FeO*Al203 ), but they all lie below 0.04% C far
down in the corner.
Points A and B are the initial compositions of two alloys
(0.20% C, 0.01% Al) and (0.20% C and 0.025% Al), respectively.
Each of these alloys is assumed to have 50 ppm oxygen by
analysis at the start of solidification. If the alloys are,
in fact, in equilibrium with pure alumina (Equation (4.23)),
much of the oxygen and some of the aluminum which would be
reported in a total analysis are present in the form of fine
alumina particles. The actual dissolved aluminum in each of
these alloys at tieonset of solidification is denoted by i or
j. These oxygen contents, calculated from Equation (4.23),
are 2.5 ppm and 1 ppm at i and j, respectively. If equilibrium
is maintained with Al 2 03 throughout the solidification of
alloys A and B, paths i-a' and j-b' will be followed. These
paths differ very little from the paths that would be calcu-
lated by considering only segregation of alloys at points i
and j during solidification, as the very small concentrations
of oxygen in these alloys limits the amount of Al203 formed
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during freezing. This plot indicates that even the presence
of a small amount of aluminum, such as 0.005%, will prohibit
the formation of CO gas during solidification. However, the
control of oxygen at low levels of aluminum in practice is a
very tricky business because much of the reported aluminum
may be combined, and thus is not available for deoxidation during
solidification.
Lines A-a" and B-b" are the paths followed by the compo-
sitions of the liquid if the composition is not in equilibrium
with Al 2 03 at the start of solidification, and none forms
during the solidification process. In this case, a rapid
buildup of C would occur, however, the initial oxygen content
at A and B is so low that CO formation would not occur.
Figure 41 has been constructed to test the hypothesis
that in commerical operations the deoxidation product for
alumina is much higher than is observed in equilibrium studies
in the laboratories. The initial compositions A and B are
the same as in Figure 40. The only difference is that all of
the aluminum and oxygen present is assumed to be dissolved.
Because of the high value assumed for the deoxidation
constant for the formation of Al 2 03, the line of three-fold
saturation, L = L + 6 + Al 20 3 + CO (1 atm.), now lies outside
point A. Hence, point A is in equilibrium with CO (1 atm.)
at the start of solidification and CO would form throughout
freezing (A-a'). A-a" would be followed if CO were suppressed.
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FIGURE 41. MOVEMENT OF LIQUID COMPOSITIONS DURING SOLDIFICIATION ON PROJECTION OF
POLYTHERMAL LIQUID SURFACE in Fe-O-C-Al SYSTEM. Aluminum Deoxidation
According to Hilty and Crafts.(29) A-a' Formation of CO (1 atm.) Only;
A-a" Formation of No Oxides. B-k-b' Formation of Al203 and Then
Simultaneous Formation of Al203 and CO (1 atm.). B-b" Formation of
Al 2 03 Only. B-b" No Formation of Oxides.
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Alloy B is assumed to be in "equilibrium" with Al203 initially.
If it remains in equilibrium with the oxide on cooling the
liquid will follow line B-k. At k, CO (1 atm.) starts to form
and the composition then moves from k to b' as freezing is
completed. If CO(g) were suppressed then the path would be
B-k-b". If no oxides are allowed to form, then the liquid
path throughout freezing would be B-b'".
This analysis based on a higher equilibrium constant for
the formation of Al 203 than is observed in the laboratory
indicates that CO (1 atm.) forms much too easily in alloys
containing aluminum at the levels practical for steelmaking,
contrary to practical experience. Accordingly, the assumption
that alumina has ahigher deoxidation constant in plant opera-
tions than is shown by equilibrium studies does not seem
realistic.
The effectiveness of initial concentrations of silicon
in suppressing CO (1 atm.) formation until certain stages of
solidification for alloys containing modest amounts of carbon
is shown in Figure 42. The alloys at the start of solidifi-
cation are located on the polythermal surface of two-fold
saturation with 6 + SiO 2 (Figure 38). Eventually, the trace
of liquid composition intersects the line of three-fold
saturation, L = L + 6 + CO + SiO 2, at some fraction solid f.
This fraction solid is plotted for a range of initial carbon
and silicon compositions. It should be noted that higher
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FIGURE 42. INITIAL AMOUNT OF SILICON NECESSARY TO SUPPRESS FORMATION OF CO (1 ATM.)
IN A CARBON BEARING ALLOY UNTIL THE FRACTION SOLID INDICATED IS
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amounts of silicon are required to suppress CO (1 atm.)
formation as the initial carbon content increases.
Increasing the pressure on the system against which CO
gas must form reduces dramatically the tendency to form CO
during solidification as shown in Figure 43. Alternatively,
it can be said that the deoxidizing power of silicon is greatly
enhanced by increases in pressure. This also implies that its
ability would be seriously impaired under vacuum processing
conditions.
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FIGURE 43. EFFECT OF PRESSURE OF CO AND INITIAL AMOUNT OF SILICON IN SUPPRESSING
FORMATION OF CO (g) DURING SOLIDIFICATION.
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V. THE EXPERIMENTS
An experiment was devised to verify the findings of the
theoretical analysis for Fe-O-C-Si alloys which are summarized
in Figures 38 and 42. The experiment is to solidify Fe-O-C- Si
meltswhich are initially in equilibrium with silica under
controlled conditions, and determine some compositions of carbon
and silicon which allow formation of CO(g) during solidification.
The fraction solid (f) during solidification at which the
formation occurs will be measured. Differential thermal
analysis (DTA), as discussed in Chapter II, is employed to
follow the course of solidification, as well as indicate the
carbon content of the samples.
DTA measurements were also made on samples taken from
different regions of a 7600 pound production steel ingot
(AISI type 8620). This ingot was sectioned as part of the
early work done on this thesis. A description of this work,
as well as observations on the structure of the ingot, is
presented in Appendix D.
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VI. EXPERIMENTAL APPARATUS AND PROCEDURE
A. Experimental Apparatus
The furnace set-up employed in the DTA study is shown in
Figure 44. It consists of an inductively heated graphite
susceptor which houses the sample crucibles and insulating
materials. Power is supplied to the water-cooled induction
coil by a Tocco 50H00la motor-generator induction unit capable
of deliverying 50 KVA at 10 kilohertz. The two small alumina
(99.8% pure) crucibles (0.75 in D x 1.25 in H) contain the
reference (Cu) and sample (Fe-O-C-X) melts, and are placed in
the geometric center of the induction coil. A large (2.25 in D
x 3.75 in H) alumina retaining crucible positions the meltsin
the susceptor. The small crucibles rest on bubble grain
alumina, and are insulated at the top by layers of 0.5 inch
porous Alundum sheet cut to fit inside the retaining crucible.
The top of the graphite susceptor has an overhanging lip to
prevent oxidation of the interface between the lid and body
(point A, Figure 44) of the susceptor. Good electrical contact
must be maintained at this junction to insure proper top
heating, as well as to guarantee that both the lid and body
are grounded by the tungsten rod. This is necessary for
complete elimination of electrical interference. A
sacrifical graphite top is placed on the susceptor top to
protect it from oxidation. Additional insulation is
provided on tIbtop of the furnace assembly by a layer of K-28
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ANALYSIS IN THIS STUDY.
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refractory brick.
Access to the two crucibles is through a 0.375 inch
hole over each crucible. A third hole, not shown, is used
to flow argon gas into the susceptor cavity. Temperatures
in the two crucibles are measured with platinum/platinum-
10% rhodium thermocouples. They are of 0.010 inch diameter
wire, sheathed in 0.118 inch diameter alumina protection
tubes.
The two thermocouples are then connected to the recording
circuit. The recording circuit is shown in Figure 45. All
parts of this circuit are protected against electrical inter-
ference by grounded shielding. The potentials of the thermo-
couples are directed through reference junctions (0*C and
into the DTA circuit. This unit places the outputs of the
two thermocouples in opposition, which allows AT, the differ-
ence between the two input voltages, to be isolated. Hence,
the outputs of the DTA circuit are AT and T, the temperature
of the sample melt.
The output representing the temperature of the sample
melt is passed through a variable voltage suppression device
and then plotted on the X-axis of the X-Y recorder. The AT
function is plotted on the y-axis of the recorder. The
variable voltage suppression device was designed and built
by Pielet and is discussed in his doctoral thesis. (30)
The X-Y recorder is a Mosely DTA 135 X-Y Recorder, and
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FIGURE 45. SCHEMATIC DIAGRAM OF CIRCUITRY USED DURING THE EXPERIMENTS.
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is part of a commercial DTA unit, the Dupont 900 Differential
Thermal Analyzer. The range of the recorder for the X-axis
is 0.4 to 0.8 mv/in, and 4 to 400 Vv/in for the Y-axis. The
recorder is self-standardizing and was calibrated periodically
with a null potentiometer. The whole system was also
calibrated during the experiment by the peritectic reaction
in the Fe-C system which is encountered at carbon contents
greater than 0.09% and 1495*C.
B. Experimental Procedure
Sample Fe-O-C- Si melts were prepared from stock vacuum
melted iron (Ferrovac-E), high purity silicon, ard reagent grade
Fe2 0 3. Carbon was added after the Fe-O-Si alloy was molten.
A piece of iron weighing 25 to 40 grams was pickled in a hot
hydrochloric acid solution (1:1, acid: water), rinsed in ethyl
alcoholand dried. A 3/32 inch hole was bored into the iron
sample and semiconductor grade silicon (99.99% pure) was added
along with enough Fe 203 to insure that equilibrium with silica
would be achieved shortly after melt down. The initial oxygen
content of the Ferrovac-E was assumed to be 100 ppm (0.01%).
The hole was then punched closed and the iron placed in one of
the small crucibles in the susceptor. The reference melt was
of copper, chosen because it has no phase transformations
within the region of interest, 1350-1650*C. This melt was
prepared from reagent grade copper shot and was always
approximately the same mass as the iron melt.
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Sample melts prepared from the production steel ingot
were from pieces cut from six locations within the ingot.
The samples were from edge and center of transverse sections
at the top,middle and bottom of the ingot. The exact locations
are indicated in Figure D.lof Appendix D.
The two thermocouples are positioned just above the small
crucibles during melting and are then immersed in the copper
reference and iron alloy melts. Care must be taken to ensure
that each thermocouple is centered in its melt and that there
is sufficient immersion (three times the diameter of the thermo-
couple protection tube). The temperature of the melts is
allowed to stabilize at 1600*C.
Cooling and solidification of the iron alloy sample is
achieved by reducing the power input to the induction coil
by one-half. During normal operation with the assembly shown
in Figure 42, this reduces the power from 8 to 4 KVA. The
power is kept on during cooling for two reasons. A slower
cooling rate is possible with a one-half power setting than
with no power, and a more uniform temperature distribution is
maintained in the iron alloy because of inductive stirring.
Satisfactory cooling and heating rates were found to be about
25*C/min. in the temperature range 1400*C-1600*C.
An experiment consists of cooling an Fe-O-Si melt and
solidifying it while recording the DTA plot. The sample is
then remelted and C is added by dipping a spectrographic
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quality graphite rod into the melt. The Fe-O-C-Si melt, which
is formed,is then solidified while a DTA trace is made. While
the melt is cooling from 16001C to the freezing temperature
and then solidifying, the top of the melt is observed for signs
of CO(g) evolution. If it occurs, this fact is noted on the
DTA plot at the appropriate point in that part of the plot
indicating solidification. This provides an indication of the
fraction solid (f) at which the evolution occurred. This
procedure is repeated with carbon being added each time until
CO(g) evolution is observed. The sequence of events then for
each experiment after a temperature of 16001C has been achieved
is:
(1) Reduce power from 8 to 4 KVA.
(2) Start X-Y recorder.
(3) Observe top of melt visually for CO evolution during
cooling and solidification.
(4) At 13500C, increase power from 4 to 8 KUA until 1600*C
is attained.
(5) Stop recorder.
(6) Add carbon.
(7) Repeat steps 1-6 until CO(g) is observed.
After this procedure produces evolution of CO(g), the
thermocouples are withdrawn and the power is again reduced by
one-half and the melt solidifies. The melts are solidified at
one-half power so that the resulting structure would be
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representative of the structure which produced the observed
gas.
When runs are made using samples from the production steel
ingot, the procedure is the same, as previously discussed,
except that only one DTA trace is made.
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VII. EXPERIMENTAL RESULTS
A. Fe-O-C-Si Alloys
The experimental results consist of DTA plots indicating
alloy carbon content, and qualitative and quantitative measure-
ments of thefraction solid (f) at which gas evolution occurs
during solidification.
1. DTA Plots and Carbon Content
The transformation temperatures in the Fe-O-C-Si alloys
can be determined from responses on the DTA plots recorded
during solidification. At the low concentrations of silicon
(less than 0.15%) present in the quaternary alloys studied,
these transformations are the same in nature and temperatures
as those of the Fe-C binary system. For this reason, when
the plots indicate the temperatures of transformations, they
are also indicating the carbon content of the alloy.
As an example of the way phase transformations are shown
on DTA plots, the plot from Experiment 16-3 is shown in
Figure 46. The details numbered on the plot are:
cooling: (1) Power reduced by one-half, cooling starts.
(2) Onset of solidification.
(3) End of solidification.
(4) Undercooled solid state reaction.
heating: (5) Power input doubled.
(6) Start of y -+ 6 + 6 transformation (1455*C).
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(7) Peritectic reaction, y -+ L + 6 (14950 C).
(8) End of melting (1530*C).
The reasoning used to associate points (6), (7), and (8) with
these reactions is detailed in Appendix (B).
The temperatures at points (6), (7), and (8) are used as
indications of carbon content. Figure 47 is a replot of the
Fe-C diagram of Chipman. If points (6), (7), and (8) are
plotted on this diagram as indicated, the carbon content of the
alloy must be 0.10%. This method was checked by chemical
analysis for some of the alloys investigated, and the agreement
was found to be satisfactory. DTA indicated compositions of
0.05, 0.15, and 0.23% C were found to be 0.07, 0.14, and
0.21%C, respectively, by chemical analysis.
In general, good temperature responses were obtained
during the heating portion of the DTA plot. However, during
cooling the response indicating freezing was nearly always
found to be at a higher temperature than expected. In some
runs involving pure iron used to check this difficulty, the
onset of freezing was found to be 20-40*C above the freezing
point of pure iron (1538*C). This difficulty is attributed to
uneven heat losses from the melt during cooling. This allows
part of the melt to solidify prior to the rest. A AT response
is generated by this solidification. However, if the thermo-
couple is not located at the site of first solidification, then
the freezing response will be plotted at the higher temperature
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of the portion of the sample which is still liquid. As a
result of this effect, all carbon determinations are taken
from the heating portion of the DTA plot where good
correlation between the indicated reactions and the Fe-C phase
diagram is observed. Even though the freezing response often
occurs at improper temperatures, it appears to be representative
of the condition of freezing within the melt. This is con-
firmed by visual observation of the melt during the period of
the freezing.
2. Fraction Solid (f) Determination
Determinations of the fraction solid (f) at the time of
CO(g) evolution are found using two techniques, one quantita-
tive, the other qualitative. The quantitative technique
involves noting the occurrence of usually observed CO(cg)
evolution on the DTA plot. The relation between the location
of this point and the start and finish of solidification,as
indicated by the DTA plot, is a measure of the fraction solid.
The details of this relationship are discussed in Appendix B.
In some cases, gas evolution during solidification is so
violent that it is indicated by vibration of the pen during
the DTA plot. This is due to the effects of bubbling near the
thermocouple junction. This is a quite well-known
phenomena in DTA measurements with volatile organic
liquids.(21) When these instabilities occur, the DTA plot
contains its own record of gas evolution.
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When evolution of gas occurs late in solidification, it
is impossible to observe bubbling at the surface of the melt.
For these cases, a qualitative estimate of f must be made
based upon the appearance of the solidified melt after the
experiment is completed. Its appearance should be representa-
tive of the sample as it appeared after the solidification
cycle which produced the DTA trace at point 5 in Figure 46.
It must be noted, however, that the dissolved oxygen level of
the melt will be reduced by CO(g) evolution during solidifi-
cation, and hence upon remelting to withdraw the thermocouple
and resolidifying less CO(g) will be generated. So the
observed structure will not be exactly the same as the one
associated with the plot.
Figure 48 (a) illustrates schematically the effects of
CO(g) generation at different values of f has upon the
solidified structure. These are based upon the situation
most often observed during experiments when the top of the
melt solidified first. Sample (i) in Figure 48 (a) exhibits
no gas formation during solidification, and, in fact, shows
the common center line shrinkage or pipe of a killed steel.
Example (ii) has experienced CO(g) evolution in the later
stages of solidification. Hence, the basic shape of the melt
remains unaffected. However, small blow holes are present.
During the solidification of example (iii) gas formation has
occurred fairly early so that the amount of gas evolved has
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been large, causing bulging of the top of the structure.
Example (iv) exhibited CO(g) formation immediately after the
top froze over. Severe bulging of the top has occurred, and
escaping gas has opened a hole in the top of the structure.
Very large gas voids exist in the bottom of the structure,
trapped there by the walls of the crucible. Figure 48(b)
shows examples of actual experimental melts which display
characteristics of Figure 48 (a). Good correlation was found
between the observed fractions solid determined from the DTA
plots and the structure of the solidified melts. Sample 14-2
was observed to form CO(g) early (f = 0.20), and later exami-
nation of it indicated that a great deal of gas had evolved,
as was evidenced by large blow holes. Sample 20-3 which
formed CO(g) very late (f = 0.80) during solidification, as
determined from the DTA plot, appeared to have experienced
little gas evolution when later examined.
The fractions solid indicated by the DTA plots are thought
to be quite representative of the stage during solidification
at which CO(g) evolution occurs.
Each melt is assumed to be in equilibrium with SiO at2
the start of freezing. The silicon content of each melt is
calculated from the weight of iron, the weight of silicon
added, the amount of oxygen added in the form of Fe 2 03 , and
the assumed oxygen content of Ferrovac E (0.01%). With this
information, the amount of silicon removed (ASi)
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stoichiometrically by excess oxygen to reach silica saturation
can be calculated. Hence, the net silicon content of the
melt can be determined. The silicon contents of several
alloys were checked chemically. Predicted compositions of
0.032%, 0.08%, and 0.12% silicon were found to be 0.03%, 0.06%,
and 0.12%, respectively.
The experimental results of DTA runs on Fe-O-C-Si melts
are presented in Table V.
B. Killed Steel Samples
The samples from various parts of the 7600 pound aluminum
killed steel ingot were melted and solidified in the same
manner as the Fe-O-C-Si alloys. DTA plots were recorded
which illustrated the variations in carbon between the
different parts of the ingot. Signs of gas evolution could
not be observed during solidification, so all estimates of gas
formation are based upon later examinations of the alloys,
according to Figure 48. The results of these runs are listed
in Table VI.
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TABLE V
SUMMARY OF Fe-O-C-Si ALLOYS WHICH
FORMED GAS DURING SOLIDIFICATION
Experiment
14-2
15-4
16-5
17-1
17-2
18-2
20-3
Compositions
% Si % C
0.034 0.12
0.032 0.10
(0.03)*
0.080 0.17
(0.06)
0.077 0.05 (0.07)
Fraction Solid When CO(g) Evolves
Observed
0.20
0.60
Sample Examination
<0.50
0.50-0.70
0.50-0.70
0.80
0.077 0.15 (0.14) 0.55
0.14
0.12
(0.12)
0.125
0.17
0.80
0.80
0.50-0.70
0.70-0.90
*parenthesis indicate results of chemical analysis.
129.
TABLE VI
SUMMARY OF RESULTS
7600 LB. TYPE 8620 STEEL INGOT
Sample
Position
T-4 edge
T-4 center
M-4 edge
M-4 center
B-4 edge
B-4 center
Compositions
% Al % C
Fraction Solid When CO(g) Evolves
Observed
0.23 (0.21)*
0.23
0.23
0.24
0.22
0.23
Sample Examination
>0.9
>0.9
>0.9
>0.9
>0.9
>0.9
Nominal carbon content of steel during teeming - 0.22%.
*parenthesis indicate results of chemical analysis.
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VIII. DISCUSSION OF RESULTS
A. Fe-O-C-Si Alloys
The experimental results may be compared with the results
of the theoretical analysis presented in Figure 38. Shown are
the calculated liquid paths followed during solidification of
the assumed alloys B and F, each assumed to be in equilibrium
with SiO2 prior to freezing. Each of these alloys evolved
CO (1 atm.) during freezing.
The experimental data yield the compositions of several
liquid alloys in equilibrium with Sio 2 that experience
evolution of CO at 1 atm. pressure during solidification.
The fraction solid f at which CO (1 atm.) forms is also known.
The experimental compositions are plotted in Figure 49, a
simplified version of Figure 38. The heavy line (M*-Y ) is
the polythermal projection of the condition of four-phase
equilibrium L = L + 6 + SiO2 + CO (1 atm.). The alloy compo-
sitions are shown as filled circles, and are labelled with
the experiment number. Extending from each filled circle is
a dashed and arrowed line representing the calculated path
which should be followed by the liquid composition of this
alloy as it solidifies. The freezing point is calculated
based on equilibrium distribution of carbon and oxygen in
the liquid and solid, and the modified Scheil equation for
silicon (Equation (4.11)). Silica is assumed to form as a
result of solute enrichment during freezing.
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During the course of solidification of these alloys,
CO (1 atm.) should evolve at the fraction solid at which the
dashed lines intersect line M*-Y The open circles indicate
the fractions solid at which gas formation actually was
observed. This fraction solid was determined from the DTA
plots, as discussed in Appendix B. The range of fraction solid,
as estimated from the appearance of the alloy sample after
solidification, is shown by the brackets. These qualitative
ranges were described in Figure 48. Each bracket is labelled
with its corresponding fraction solid.
Experimental evidence indicates that actual Fe-O-C-Si
alloys, initially in equilibrium with SiO 2, can form CO(g)
during solidification in a manner described by the theoretical
analysis resulting in Figure 38. There is reasonably good
agreement between the fraction solid at which CO (1 atm.)
generation is observed and the predicted value of f. The
bracketed qualitative ranges of fraction solid also agree well
with the predicted values of f in most cases.
CO(g)isassumedto form under equilibrium conditions at a
total pressure of one atmosphere. The tops of most of the
melts froze early during solidification. This raises the
question of whether CO(g) really formed at one atmosphere
pressure. A frozen top could effectively cap a melt and
prevent gas from forming until later. However, examination
of the sample ingots show that many which froze initially near
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the top of the crucible also formed a good deal of gas, and
some have blow holes in the top. Hence, it is thought that
evolution of CO(g) was not hindered in these small melts.
Alloy 18-2, according to the theoretical predictions,
should not have formed CO (1 atm.) during solidification.
However, evolution was observed at f F 0.80. There are several
conditions that may explain the discrepancy. The modified
Scheil equation may be inappropriate to describe the enrichment
of silicon in this alloy. Perhaps the equilibrium segregation
relations, as used for carbon and oxygen, should be considered.
The path indicated by crosses extending from the filled circle
18-2 is the calculated liquid path followed during solidifi-
cation if equilibrium segregation of silicon is assumed. This
path comes closer to the calculated condition for the formation
of CO(g); however, this does not explain the wide variation
which exists. Another possible explanation is that silica
did not form according to the dictates of equilibrium. If this
is the case, then no SiO2 would have formed along the liquid
path, and CO (1 atm.) would form very early during solidifi-
cation (Point G, f = 0.4). Thus, this explanation does not
seem to fit.
Another possible reason for early gas evolution in
Experiment 18-2 is that the gas is H 2 (g) instead of CO(g).
Experiment 18-2 was performed on a day when there were
conditions existing in the laboratory which are thought to
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have influenced the hydrogen content of the melts.
Alloy 17-1 should not have formed CO(g) during solidifi-
cation either. However, the silicon content of Experiment 17
is calculated, and was not verified chemically. Alloy 16-5
was initially thought to contain 0.08% Si, but was found to
be 0.062%. If this difference were to exist in alloy 17, then
the results would be more agreeable. Also since Experiments
17-1 and 18-2 were conducted on the same day, explanations of
the discrepancy in terms of H 2 (g) is also appropriate.
B. Steel Alloy, Type 8620
An important result was obtained from the DTA experiments
performed on samples cut from a 7600 pound killed steel ingot
(AISI type 8620). While evolutionof gas was observed during
the solidification of these samples, examination of them later
indicated that gas had formed late in solidification. However,
the commercial ingot from which these samples were cut showed
no signs of gas evolution (i.e., no blow holes or pin holes).
There are some possible explanations of this behavior. A
lower total pressure exists in the laboratory melts against
which CO(g) must form. A simple calculation of ferrostatic
pressure within the melt of the height (72") of the ingot
sectioned indicates that pressures of from 1 to 2.5
atmospheres are present. These pressures would allow a
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minimally deoxidized steel to behave in a totally killed
manner during ingot solidification, yet evolve CO(g) during
freezing as a small laboratory sample.
Another possible cause of gas evolution in the laboratory
melts is an oxidation of the sample while molten. However,
the enclosed nature of the furnace and continual argon
flushing of the system make this explanation very unlikely.
C. PracticalImplications of This Study
It is necessary to understand the interrelationships of
deoxidation and solidification if control of deoxidation
throughout the whole of steelmaking operations is to be
obtained. The purpose of this work is to describe better
the thermodynamic and kinetic processes by which a melt of
a given composition is transformed into a killed, semi-killed,
or rimmed ingot structure.
The results of the analysis of Fe-O-C-Si alloys plotted
in Figure 42 indicate that deoxidation by silicon is relatively
insensitive to small variations in silicon concentration.
This is in agreement with the relative ease at which silicon
deoxidized steels are made and controlled commercially.
The precarious nature of aluminum deoxidation still
remains unexplained. However, this study indicated it is not
justified to assume the deoxidation constant for the formation
of Al 2 03 is higher during commerical steelmaking than it is
during laboratory studies. Hence, the data of Hilty and
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Crafts( 2 9 ) cannot be used to describe aluminum deoxidation
during steelmaking.
The results of hindered or suppressed formation of
deoxidation products discussed in this work may have practical
significance. If the primary deoxidation product does not
form under equilibrium conditions, as found experimentally for
SiO 2 by Forward and Elliott, (16,18) then CO(g) may evolve
unexpectedly during freezing. This evidence was derived from
rapidly solidified structures. In commercial ingot making
this condition might be encountered near the surface of the
ingot where cooling rates are the most rapid. This could
explain the formation of subsurface blow holes in otherwise
totally sound ingots.
The practical applicability of Figures 42 and 43 to
illustrate the behavior of Fe-O-C-Si alloys is limited by the
presence of manganese in steels. Turkdogan( 3 1 ) has demon-
strated that in the presence of 0.50% Mn and less than
0.05% Si, the deoxidation product is a molten manganese-
silicate instead of pure silica. In alloys containing
0.50% Mn and less than 0.05% Si, the tendency to suppress
CO (1 atm.) evolution is much greater than thatindicated by
Figures 42 and 43.
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IX. SUMMARY
Equilibrium phase relationships for the solidification
of Fe-O-C-Si and Fe-O-C-Al alloys are developed and presented.
Based upon these equilibrium states and the work of Elliott(1 )
on Fe-O-X alloys, the analysis was extended to consider some
of the non-equilibrium conditions which might be encountered
during the solidification of real alloy systems. The non-
equilibrium conditions included the suppression of the
formation of certain oxides i.e., Sio 2 ' A1 20 3, CO (1 atm.),
etc., and solute rejection at the solid-liquid interface.
These conditions were treated for the systems Fe-O-Al,
Fe-O-Si, Fe-O-C-Al, and Fe-O-C-Si. It was shown that in the
quaternary systems there is a four-phase or univariant equilib-
rium (constant P and T) of the phases liquid iron, solid iron
(6), CO (1 atm.), and a chosen oxide. This equilibrium may be
encountered during the freezing of alloys initially thought
to be deoxidized. The condition is of practical significance
in Fe-O-C-Si alloys. Plots were developed to predict the
fraction solid at which Fe-O-C-Si alloys will encounter the
univariant equilibria and experience CO(g) evolution.
Experiments were conducted using differential thermal
analysis to verify the findings of the thermodynamic and
kinetic analysis. Fe-O-C-Si melts in equilibrium with silica
were solidified and the fraction solid at which CO(g)
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evolution occurred was determined. The experimental findings
correlate well with the predictions of the theoretical
analysis.
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X. SUGGESTIONS FOR FURTHER WORK
To describe completely the course of deoxidation
reactions during the solidification of commercial steels,
alloy systems containing more than four components must be
investigated. An obvious extension of this work is a study
of the phase relationships encountered during the solidifica-
tion of Fe-O-C-Si-Mn alloys. If the effect of Mn upon the
Fe-O-C-Si system is determined, then silicon deoxidized carbon
or low alloy steels can be modelled effectively.
Analyses of the type presented in this work need not be
confined to systems in which only oxides are formed. Systems
involving the formation of sulfides and carbides can be studied
using the same principles utilized in this study.
As the level of understanding of the phase equilibria of
multicomponent systems during solidification increases, very
complex systems may be treated. Pictorial representation of
these systems becomes quite difficult. In this work quaternary
systems were treated in terms of a three dimensional polythermal
plot (Figure 26) which was then projected onto a face of the
composition tetrahedron (Figure 38). This allowed the treat-
ment of a four component, polythermal system in two dimensions
while still retaining the most useful composition information -
that of carbon and the deoxidizer.
This suggests then that five component polythermal systems
may be plotted as projections in three dimensions. A useful
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system for this type of plot would be Fe-O-C-Si-Mn. It should
be possible to calculate and plot the movements of invariant
and univariant conditions with temperature in the context of
a polythermal Fe-C-Mn-Si tetrahedron.
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APPENDIX A
BINARY PHASE DIAGRAMS
Binary phase diagrams are presented which are useful in
determining the boundaries of the Fe-O-Al, Fe-O-C, and
Fe-O-Si ternary systems.
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APPENDIX B
ANALYSIS OF DTA PLOTS
The DTA plots of this study are analyzed to determine the
fraction solid at which CO(g) is observed, as well as determine
the actual carbon content of the alloys. During analysis of
the plots the assumption is made that for the solute concen-
trations of the alloys of this study, the effects of silicon
and oxygen upon the transformation temperatures in the Fe-O-C-Si
Fe-O-C-Si system are negligible compared to the effect of
carbon. Semiquantitative evidence to support this assumption
can be found in the Fe-O-C and Fe-O-Si ternary system at temp-
eratures between 1350*C and 15001C. However, these phase
diagrams are not known precisely. Hence, the transforamtion
temperatures determined from the DTA plots are interpreted in
terms of the Fe-C phase diagram.
All transformation temperatures are determined during
heating and melting of the sample because of difficulty
encountered in obtaining proper temperature responses during
cooling. This point was discussed in Chapter VII.
The accuracy of the temperature measurement is very
dependent upon the position of the thermocouple in the melt.
For this reason, temperatures measured during heating and
melting are calibrated when possible by comparing the
indicated temperature of the peritectic reaction with the
known temperature of 1495*C. Appropriate adjustments are then
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made to the other measured temperatures.
During cooling and solidification, it is assumed that
the rate of heat loss from the copper reference melt and the
iron alloy sample is linear with time. This was checked
experimentally, and found justified. The determination of
fraction solid is based upon this assumption.
1. Carbon Content
The carbon content of the alloys studied is determined
from the temperatures at which reactions occur during heating
and melting of an alloy. Identification of the reaction,
which causes a given response, is based upon two facts, the
temperature of the DTA response, and the type of response,
i.e., whether it occurs at a constant temperature or over a
temperature range. In the Fe-C system, the peritectic reaction
(L + 6 + y) is the only isothermal transformation which occurs
between 1600*C and 1300*C. It occurs at 1495*C for alloys in
the range of 0.09 to 0.53% carbon. Hence, when a constant
temperature DTA response appears near 1495*C in thse alloys,
it is assumed that it is a result of the peritectic reaction.
Non-isothermal transformations occurring in Fe-C alloys
between 1600*C and 1300*C are of the type, L -* L + 6,
6 -* 6 + Y, etc. The size of the enthalpy change associated
with the response may be used as a guide to the transformation
as the area under a DTA response is proportional to the
enthalpy change associated with the reaction. Accordingly,
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the freezing reaction (L + L + 6), which involves an enthalpy
change of 3630 cal/mole(10) can be distinguished from the
reaction, L + 6 + L + y (260 cal/mole). (10)
The nature and temperatures of the transformations
indicated by the DTA plot are measured. These suspected
transformations and their temperatures are then compared with
the Fe-C phase diagram. In this manner, thecarbon content
responsible for the temperatures of the transformations can
be determined. To illustrate the variations of DTA plots with
carbon content, the results of Experiment 16 are shown in
Figures B.l to B.5.
Figure B.l is the DTA plot recorded during the solidifi-
cation and melting of an Fe-O-Si melt (0.062% Si), which is
relatively low in carbon, and hence solidifies much like pure
iron. Solidification starts at Point 2 and ends at Point 3.
The nearly constant temperature maintained during solidifi-
cation indicates that this alloy, in fact, does have a low
carbon content. This reaction is L -+ L + 6. If no carbon
were present the reaction is L + 6. The reaction at Point 4
probably involves solid phases (y and 6). The trace of this
reaction from start to peak involves a range of temperatures.
The Fe-C phase diagram near this temperature indicates that the
solid phase reaction is probably 6 -+ 6 + y. This then supports
the conclusion that the reaction at Point 2 is L + L + 6. At
Point 5, power to the furnace is increased and heating occurs.
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At Point 6, the y 4 y + 6 transformation occurs at 1405*C.
Point 7 indicates the start of melting at 1529*C, i.e.,
6 -+ L + 6. Point 8 is the end of melting at 15351C. If the
temperature at 6, 7, and 8 are positioned on the Fe-C diagram
(Figure A.3), the carbon content of this alloy is found to
be 0.025%.
Figure B.2 is the DTA plot of the alloy of Figure B.1,
except that more carbon has been added. The reactions at the
labelled points are the same as those of the previous figure.
However, the temperatures have changed. Also the melting and
freezing responses show a wider temperature range, as would be
expected. Point 6 ( y + 6 + y) is at 1447 0 C, Point 7
(6 -+ 6 + L) is at 1489 0 C, and Point 8 (L + 6 -+ 6) is at 1529*C.
The indicated carbon content of this alloy is 0.087%. The
plot in Figure B.3 is similar in character to the previous two,
except that now that more carbon has been added a constant
temperature reaction occurs at Point 7 prior to melting. This
must be the peritectic reaction (y + L + 6), and is indicated
here at 1493*C. Point 6 is at 1453*C, and Point 8 is at 1528*C.
If these temperatures are all adjusted upwards by 2*C so that
Point 7 is at 1495 0 C, then the indicated carbon content is
0.10%. When more carbon is added to the alloy, the reactions
at 6, 7, and 8 move closer together, as would be expected from
the phase diagram. The peritectic reaction at Point 7 results
in a greater AT increment (more y forms) than does Point 7 in
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Figure B.3. This is because more y is transforming to 6 than
in the previous case. This is evident from the lever rule.
The temperatures associated with Points 6, 7, and 8 are 1478*C,
1497*C, and 1529*C, respectively. If these are adjusted
downward by 2*C to calibrate them with the peritectic tempera-
ture, the indicated carbon level is 0.14%.
Figure B.5 is a trace of the alloy after more carbon has
been added. Notice the severe undercooling of the reactions at
Points 2 and 4. During the heating cycle, Points 7 and 8
appear, however, Point 6 has disappeared indicating that the
reaction, 6 - 6 + y, is no longer present. The only reaction
is at 7, which indicates thatalarge amount of y has transformed
to 6. The temperature of Point 7 is at 15011C, and Point 8 is
at 1529*C. If these are adjusted downward 60C so that Point 7
is at 1495*C, the indicated carbon content is that of the
peritectic composition, 0.17% C.
Figure B.6 is included to show the type of response
observed for alloys greater than 0.17% C,but less than 0.53% C.
This is from Experiment 17-3. In this plot, Point 6 is the
start of the reaction y -+ L + y. Point 7 is the point at
which L + y -+ L + 6. This occurs at the temperature of the
peritectic. The temperatures of Points 6, 7, and 8 are 1468*C,
1490C, and 1508C, respectively. If these are adjusted upward
by 50C so that Point 7 is at 1495*C, then the indicated
carbon content is 0.30% C.
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2. Fraction Solid
Point A on Figure B.6 is the point during solidification
at which CO(g) was observed at the top of the melt. The
fraction solid is estimated by taking a linear ratio of the
distance 2-A to the distance 2-3. This is based upon the
assumption that the rate of heat loss from the melt is linear
with time during solidification. The fraction solid indicated
here is 0.60.
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APPENDIX C
EXPERIMENTAL DTA PLOTS
DTA plots representative of the alloys recorded in
Table VI are compiled here.
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APPENDIX D
OBSERVATIONS ON A 7600 LB. STEEL (AISI 8620) INGOT
As part of the early experimental work on this thesis, a
7600 lb. commercial steel ingot (2 inch x 24 inch x 72 inch)
was cut and examined. Theladle composition (%) of the melt
from which it was teemed was:
C Mn P S Si Ni Cr Mo Al
0.21 0.77 0.012 0.017 0.28 0.43 0.53 0.17 0.021
After teeming, the ingot was allowed to cool in the mold
for 24 hours, and then shaken out. The ingot was then cut so
that representative longitudinal and transverse samples of the
ingot structure wereobtained. Figure D.l is a schematic
drawing of the ingot indicating identification of the
longitudinal (L) and transverse (T) samples which were cut.
Figures D.2 to D.4 are representative of the dendritic
structure encountered from edge to center in the ingot.
If the subsurface structure of the ingot is etched with
3% nital reagent, it appears as in Figures D.5 and D.6. The
dark "lines" in these structures are ferrite in a pearlitic
matrix.
To better observe the effects which heating (soaking)
prior to hot rolling have upon these "lines" and the dendritic
structure, a sample of the ingot was heat treated to simulate
a soaking pit heating cycle. Two samples (each 2.5 inch x
2.5 inch x 1 inch) were cut from position M4-L, at the ingot
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FIGURE D.1 IDENTIFICATION OF SAMPLES CUT FROM
7600 LB. COMMERCIAL STEEL INGOT.
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FIGURE D.2. LONGITUDINAL SECTION (M4L) AT THE MID-HEIGHT
OF A 7600 LB. STEEL INGOT (AISI 8620).
Subsurface Region from 0.0-1.0 In. from
Chill. 5X, Stead's Reagent.
FIGURE D.3. LONGITUDINAL SECTION (M4L) AT THE MID-HEIGHT
OF A 7600 LB. STEEL INGOT (AISI 8620).
2.5-5.0 In. from Chill, 2.5X.
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FIGURE D.4. LONGITUDINAL SECTION (M4L) AT THE MID-HEIGHT
OF A 7600 LB. STEEL INGOT (AISI 8620).
5.0-7.5 In. from Chill. 2.5X, Stead's Reagent.
FIGURE D.5. LONGITUDINAL SECTION (M4L) AT THE MID-HEIGHT
OF A 7600 LB. STEEL INGOT (AISI 8620).
Same Area as Figure D.2 Except Chill is at
Top. 5 X, 3% Nital.
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FIGURE D.6. DETAIL OF FIGURE D.5. 1oX.
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edge. Each was ground and polished on 3p diamond paste and
Linde A (0.3p) alumina powder. Each sample was then etched
with 3% nital solution to produce a structure similar to
Figures D.5 and D.6. Different regions of the structures were
stamped with 1/16 inch numerals for identification. The two
polished surfaces wer then dusted with Al203 powder and placed
together. They were then sealed in a stainless steel bomb,
and heated to 1250*C for six hours,and then furnace cooled.
The bomb was opened and the samples separated. The
alumina powder between the samples prevented the highly
polished surfacesfrom fusing together. The surface needed
only minor polishing before etching with 3% nital solution.
Comparison photographs are shown in the following figures
indicating the nature of equivalent areas before and after
the heat treating cycle.
-- - - --
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FIGURE D.7. STRUCTURE PRIOR TO SOAKING CYCLE, 9X,
3% NITAL.
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FIGURE D.8. STRUCTURE OF FIGURE D.7 AFTER SOAKING CYCLE,
9XI 3% NITAL.
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FIGURE D.10. STRUCTURE OF FIGURE D.9 AFTER SOAKING
CYCLE, 9X, 3% NITAL.
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FIGURE D.11. STRUCTURE PRIOR TO SOAKING CYCLE, 9X,
3% NITAL.
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FIGURE D.12. STRUCTURE OF FIGURE D.11 AFTER SOAKING
CYCLE, 9X, 3% NITAL.
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